ABSTRACT

KAMBOJ, ISHITA. Design of Lithiumion Battery Cathode Materials and Architectures (Under
the direction of Dr. Veronica Augustyn).

Important ontributos to theenergy and power densities of lithition batteries (LIB) are
the choice of cathode material and design of the electrode architecture. To satisfy demand for LIBs
from the transportation sector, future innovations at the cathoddeaddbincreasd energy and
power density while decreasing materials cdsie purpose of this research wasunderstand
favorablecathodeelectrode architecturemndthe electrochemical behaviaf advancedathode
materias.

Deterministic design of electrodes is the concept of intentionally designing and controlling
the electrode architecture to achieve high capacity and rate capability, leading to high power and
high energy devicedn Chapter 2, | survey the literature to identify promising deterministic
electrode architectures and design strate@e® challenge for deterministic desigrto obtain
direct wiring ofcommercially relevaniaterialsof thetype LiMOz (where Mis a transition metal
cation like manganese, nickel or cobpadta 3D conductivescaffoldsuch as porous carbohhe
synthesis oLiMO2 cathode materials requires high temperatures (>700°@ly, exceethg the
stability of conductive carbebased scaffolds (~ 400°C)in Chapter 3 | study an
electrodepositiofhydrothermalsynthesismethod (<300°C) to obtain crystalline, layered HT
LiCoOz on 3D carbon scaffolds using ontgreefeedstock materiald-lydrothermal treatment
pressure, temperature, duration, and LiOH concentration modulate the active synthesis mechanism
and resulting LiCo® morphology.Low hydrothermal pressure and high LIOH concentration
prevent dissolution of precursor Co(QH9 enable iorexchange of Hfrom Co(OH) with Li*
from solution This produce layered LiCoQ while preserving the nanoflake architecture on the

scaffod. We demonstrated the versatility of the-exthange procedsy coatng nine different



carbon electrode architectures. This research provide insight into the applicability, and
limitations, of soft chemistry strategies to crystallize commercially relevaibnLicathode
materials directly onto unique geometries for widaging applications.

As the electrification of the transportation sector continues to grtBg must utilize
materials with sustainable and economical supply ch@ims.use of cobaih LIB cathodeshas
been particularly problematic from the standpoint of cost, sustainability, and $afielym and
manganese rich oxides (LMRsan be made with little to no cohalih Chapter 41 compare the
energy storage performance andnsertion kinetics of three LMRs synthesized with minimal Co
content (<15% in LIMQ@ domain).We report the effect of Co dopants on #mergy storage
properties of LMRshathave similadegresof Li-excesandLi vacancy formation during charge,
morphology, microstructure, and relative TM composition LiMO2. We found that Co
substitution of <15% Co in the LiMOdomain does not provide the supposedefie(higher
capacities due to more reversible O redox) or drawbacks (cycling instability and voltage fade)
realized by higher quantities of Co in LMR® lieu of new methods to stabilize higher Co
contents, this work further motivates a transition away from Co doping in LMR materials toward
fully earthhabundant chemistries.

In Chapter 5, | study a model LMR material with high Mn content,
0.5Li2Mn0Oz3-0.5LiNio.sMno.s02. With a high proportion of kMnOs, this material exhibits over
double the capacity of a commercial LiM®pe materialaccompanied by major structural
instability during first cycle activation ofanionic redox | use operando Raman spectroscopy to
studythe local structural evolutiomf LMRs during activation Interpreted in conjunction with
t her modynami ¢ (Lithda)a assardudctidn df statd of oharge,dhiét of prominent

Li2MnOs Raman modeabove4.4 V indicates shortenednetatoxygen bondsindsuggesta two



phase mechanism for delithiatioluring activation of anion redoXhis work demonstrates the
utility of Raman spectroscopy to understand materials like LMRs whererahgg structural

phenomena govern electrochemical performance.
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internship atMe d t r denergg @nd Component Centéhecame interested e tradeoffs
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batteres | served a short stint asprocess engineat Medtronicafter graduating iMay of 2019
but realized quite quickly that | wanteddevelopmy knowledgeof materials for energy moved
to Raleighin August of 20190 beginmy PhDat NC Stateinder the advisement of Prof. Veronica
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experienceghat cultivated my scientific intuition andunderstandingf where | fit within the
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meaningful dialog over interesting research problems witHalapatesand P) participating in
rewarding collaborations, and engaging with the field more broadly at national and international
conferences and workshopsalso furtheredny understanding of how research impacts society
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CHAPTER 1

Introduction
1.1 Motivation

There is aggressive international pressure on the lithiun(Li-ion) battery to facilitate a

global green energy transition by decarbonizing the transportation sector. Glotalldattery
demand isprojected to skyrocket to reach 4.7 TWh by 2030, with the majority of the demand
coming from mobility applicationsF{gure 1.1).! The steep increase in demacaimefrom a
dramatic decline in costs of around ~97% coupled with a steady increase in performance over the
last 3 decades, shown in terms of energy density (energy stored per unit nkagsjerl.1b?
However as of 2023, less than 5% of cars in use worldwide are electric, implying that performance
must continue to increase while cosiecrease if Lion batteries are to continue to shepherd

transportation electrification worldwid€&igure 1.2).

Global Li-ion battery cell demand, GWh, Base case

By sector Battery cost. Top-tier battery energy density,

a ) ~4,700 b ) S/kWh Whikg
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Figure 1.1.a) Minimum projected global Lion battery cell demand is expected to increase over
six-fold to reach ~4,700 GWh by 2030. b) Battery costs have declined while battery energy density

increased significantly from 1992023. Adaptedrom ref.!3



Percentage of electric vehicles

Figure 1.2.Share of cars in use that are electric from 28AP3, including leading countries for
electric vehicle deployment and the global average. These figures include fully-etdtric or

plug-in hybrids vehicles. Adapted froRef.

A common misconception regarding the commercial success of transformative
technologies is that cost reductions come from economies of scale, where high demand caused
production to scale such that individual cell costs are offset by efficient mass produ¢hite
there has been some decrease in cost-mfrLbatteries coming from factors at scélgure 1.3a
shows that between the 1990s and 2015 there were significant reductions due to innovations across
material components like the cathode and anode materials, separators, cell,handing
electrolytesFigure 1.3b provides a breakdown of the contribution of various innovations to the
reduction of the overall Lion battery cost, with each subcategory describ@@ile 1L More than
80% of the cost reductions by 2015 came from changes in cell performance and material

substitutions. Examples of these changes include development afatievdeandanodeactive



materials, improvements in volumetric energy storage capacities, and engineering the architectures
of electrodes and cells for higher capacity utilization. Remarkably, ~60% of the declin®im Li
battery price by 2015 had come from research and develdpaievhich over 50% was credited

to advancements made in chemistry and materials sci€mgpaed 1.3cd). Despite significant

price reductions, over half the cost to produce a typicaielectric vehicle (EV) battery comes

from the cathode material, with considerable variation in cost depending on mateeatsom
Thisindicates that materials development, particularly at the cathode, will continue to be important
in increasing accessibility of {ion battery applications by improving cell performance while
decreasing cost. The following section will provide an ovengétie structure and function of a

Li-ion battery cell to contextualize opportunities for further innovatexplored in this

dissertation
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Table 1.1.Breakdown of cost constituents depictedrigure 1.3b. Reproduced from Ziegler et

al. 202%.

Aggregated low-level mechanism Constituent low-level mechanisms

Cell performance changes

Cell charge density Cathode charge capacity for a fixed volume (Q.,), Cathode and anode specific charge values (gca, Gan),
Cathode and anode material mass fractions (Waer,car Whin,car Weon,car Wact,ans Woin,any Weon,an)y N/P ratio
((N/P)g), Electrolyte solution mass to cathode charge capacity ratio (D), Current collector and
separator thicknesses (ta), Lo, tse), and Anode and separator to cathode foil ratios ((an/ca)y, (se/ca),)

Charge capacity utilization Charge capacity utilization (3,.)

Cell voltage Cell voltage (V)

Cathode foil area Cathode foil area (ay)

Material price changes and substitutions

Cathode materials prices Cathode active material, binder, and conductor prices (Pact,cas Phincas Peonca)

Anode materials prices Anode active material, binder, and conductor prices (Pact,ans Pbin,ans Peon,an)

Electrolyte solution price Electrolyte solution price (pg)

Current collectors prices Cathode and anode foil prices (pai, Pou)

Separator price Separator price (py )

Other hardware price Other hardware price (pean)

Manufacturing-related changes

Materials and manufacturing yields Cell-level (yeen), cathode material (y.,), anode material (y,,), electrolyte solution (y.), cathode foil (yu),
anode foil (y,), separator (y,), and other hardware (yc.,) yields

Plant size and p, Plant size (K) and p,

1.2 Background

1.2.1 Lkion battery fundamentals

A Li-ion battery consists of a positive electrode (cathode) and negative electrode (anode),
held apart by an iepermeable but electronically insulating membrane called a sepdfajoreg
1.4). Both electrodes and the separator are wetted by acoiwgtucting electrolyte that shuttles
Li* back and forth between the electrodes during battery use. Most commercialized cathode
materials are lithiated transition metal oxides, of which some have 1 gWihiometry where M
is one or more transition me{dM) atoms.These are discussed further in Section 1 h8.most
common Ltion anode is graphit®uring discharge (charge)eduction (oxidation) occurs at the
cathode while oxidation (reduction) takes place at the anode. Both electrodes utilisettion
coupled electron transfer to store charge. During charjeyredeintercalatedrom thecathode,

migratethrough the electrolytand separator tantercalate intahe anode, forming ks as Li*

inserts into graphite. When appliedtoailon battery, the term fAchar



and delithiation of the cathode. The oxidation of the cathode creates a difference in the lithium
chemical potential between the cathode and anode. The subsequent discharge process is
spontaneous; Lireturns to cathode, reducing the cathode material. The corresponding electrons
from graphite oxidation travel through the external circuit, and we harness this current to power

our devices.

Load/Charger Charging (cathode oxidation)
(O aprr— Cathodic: LIMO, — Li;; MO, + xLi* +xe
I Anodic: 6C+ xLi ~ + xe - Liy Cg
S
n| Cathode % Anode 3 Discharging (cathode reduction)
i vo) ol Graenie) (R Cathodic: Li¢;_xyMO, + xLi " +xe — LiMO,
Alfel e Cufol Anodic: LiyCs » 6C +xLi * +xe

M = transition metal

Figure 1.4.Schematic of a Lion battery with directions of Liandelectronflow during charge

and discharge with corresponding cathodic and anodic reactions.

1.2.2 Key Terminology

We can assess a batteryds perforneaengge usi
density is defined as the amount of energy stored per unit pnaskime). The energy stored in
a full cell is governed bfquation 1.1

0O _0Qw (1.1)

Where E is the energy stored, Q is the charge passed between electrodes, and dV is the potential
difference between the electrodes. From the equation we can see that the total energy deliverable
can be maximized by increasing Q, which is controlled byrntiherent energy storage capacity of

the cathode and anode, and/or by increasing the potential difference between the el@tteodes.



power density captures the timescale within which this energy density can be accessed. The power
of abatteryis governed b¥quation 1.2

0 oo (1.2)
Where P is the power generated, V isdlerage (or nominal) voltage of the batteagdl is the
current drawn from the battery. This can be normalized by mass or volume to calculate the power
density of a batteryThis dissertation focuses on the cathode alone, thereby narrowing the scope
of this discussion to strategies for maximizthg contributions t&@ from one electrodeln this
work, | studed cathodes made from transition metal oxides in cells with Li metal anlodesy
electrochemical experiments | usaifferent metrics to evaluate the behavior of the cathibdé
can inform the full cell metrics such as energy and power density as described Ho®ve
following is terminology used throughout this dissertation related tccaéipacityof a single
electrode:

1) Mass loading (mg/cR is the amount of electrochemically active material ithe
electrode Assuming a constant area, this directly relates to electrode thiclkuess.
higher energy storage capabilities, it is desirable to increase electrode mass loadings.

2) Areal capacity (mAh/cR) is the charge stored per uggometricareaof theelectrode

3) Specific capacity (mAh/g) is the charge stored per unit of electrochemically active
mas s . The term Autilizationo, often a pel
theoretical capacity that is accessed by the electrode in a given experiment.

This work employs two primary electrochemical characterization technigudsrive

capacityfor one electrode: cyclic voltammetry and galvanostatic chdiggharge. We can obtain
capacities directly from both techniques, however each utilizes a different independent variable

during measurement. During cyclic voltammetry (CV), we appig\wersible, linear change in



potential with respect to timéscan rate) to the working electrode, and monitor the current
response. The scan rate can be varied to assess the electrochemical kinetics of various redox
reactions observed in the voltammogramthe galvanostatic chargischarge (GCD) technique
we apply aconstantcurrent to the working electrodever a set period of timand monitor the
change impotential. Thigs similar tohow a battery operates in a devithtimately, the energy
and power densities bfatteriegely on the following keyropertiesof electrodes
1) The choice of electrochemically active material. Different materials have different
inherent LT storage capacities and voltage profiles described in the next section on
cathode materials.

2) Mass loadings of active material in both electrodes, and ratios between different slurry

electrode components.

3) Quality of the electronic percolation network facilitating electron transfer within the

electrode.

4) Porosity of the electrode to ensure sufficient electrolyte permeation through the

cathode, anode, and separator.

Given that the cathode active material alone accounts for ~41% of a standand Li
batterybds weight, the choice of el ectrochemi
determinant of performancgigure 1.5b).° Equation 1.1showsthat the two ways to improve the
energy output of a cell is by tuning the 1) amount of charge passed (Q) or 2) potential difference
(dV) between the cathode and anode. Given an anode with a fixed potential, to maximize the
potential difference it is ide&b have a cathode with a constant, relatively high potential aalfoss
state of chargézigure 1.5cshows the voltage profiles for several common lithium transition metal

oxides along with their maximum capacities. As of 2023, the chemistry with the highest capacity



and voltage profile shown here, lithium nickel manganese cobalt oxide @rsid.33VIino.330z,
currently captures the largest proportion of market share for LB39af Once a cathode material

is selected, the overall contribution of Q is determined by the utilization of the mandrieh
depends upon the electrode architecture, which encompasses the consideratdgscribed
above. Engineering the electrode and cell architedtrenable maximum utilization of the
cathode materigprovides another strategy for maximizing energy delivered from a cell. For
example, despite having a relatively low voltage profile and specific capacity, lithium iron
phosphate (LiFeP{Qor LFP) captures the secofadgest segment of the market share feron
cathode materials at just under 30%. The success of LFP has been due to significant advancements
electrode and cell engineering to deliver competitive energy densities at tlevektlespite its
inherently low voltage and capacity.
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1.2.3 Layered transition metal oxide cathode materials
Stoichiometric transition metal oxides

Most commercialized LIB cathode materialse of type LIMQ where M is ahird-row

transition metal (TM) such as Ni, Mn, and/or @othe pristine Rm structure, TMs and Liare
octahedrally coordinated by oxygen. These octahedra stack to form alternating Li and TM layers
as shown ifrigure 1.6a The lithiation/delithiation process in these materials is-ateitied when

cycled within established potential windows: TM cations are oxidized and reduced to charge
compensate the overall structure aSisiremoved or reinserted as describeHigure 1.4 In my

research, utilized LiCoO2 as a model materialithin this class during Chapter 3
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Figure 1.6.Comparison of the structure and electrochemical behavior of stoichiometric versus Li
rich layered oxidedAlternating layers of Li and TM octahedra are depicted to &rm the LIMQ
structure, while b) contains some Li in the TM layer asxi@tMnOs-(1-x)LiMO2.c) The TM

layer in LIMOz viewed along the-axis compared to d) the TM layer in-tich oxides showing

the Li honeycomb superstructuséth LiM e-type orderinghighlighted by the gray hexagog).In

LiIMO 2, the capacitys due to onlycation redox whereas irf) Li-rich materials anion redox is

activatedupon first charge pas#.5V. Adapted from Asat et af
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Li and Mnrich cathode materials
Li and Mnrich oxides (LMRs) are class of cathode materials where Mn isatgest
transition metal componeand the Li content > 1 per formula uMthile these materialsantake

multiple structues inthis work | studedlayered LMRs thatan beaunderstoodsbulk composites

made up of nanodomains of2MnQOs (C2/m) and LiMQ (Rom, discussed in the previous
section)® The overall structuris shown inFigure 1.6bandcan be described astandard layered
oxidewhere excess lalsoresides in the TM layewritten in composite notation aki2MnOs-(1-
X)LIMO 2. The LiMOz component represents the standayered oxide structure whek€" sitsin

the interlayer between TM layeiRemoval andnsertion of Li from the interlayebehavesas
expected for LiIMQ duringcycling andcorrespondto electron transfer with the transition metal
catiors , al s o t redoxméhelLiMeOadomponentepresentexcess Liinthe TM layer
which orderswith Mn and Ni to create LiMgtypefi h o n e y local sthucturegFigure 1.69.
When the material is first charged above M, Fhis Li*" is removed from the TM layer triggering
oxygen oxidation ancevolution from the LMR t er med i &lh volbages in ¢hd 0 x
dissertation are referenced to Li7Lunless otherwise specified during aqueous electrochemistry
experiments Anion redox is deemed responsible for higher capac@i@sevedcompared to
stoichiometric LIMQ, but is accompanied by complex structural changes, voltage dade
hysteesis.Upon discharge, it is hypothesized thattannot be inserted to reinstitute LibAtype
ordering until below~3.5V. This is one manifestation of voltage fade in LMR$ere remain
many open questions dhe mechanismslriving reversible anion redgextent of oxygen loss,
andnature ofstructuralchanges in these materialstudied the influence of Co composition on

the electrochemical behavior of LMRs in Chapter 4. | applied operando Raman spectroscopy to

12



understand the local structure of LMRsring electrochemical cycling in different potential
windows in Chapter.5

Figure 1.7 from Assat et al. summarizes the challenges facing LMRs in competing with
LiMO2 materials for practical applications. The spider plot in a) shows that as of 2018, LMRs only
outperform LiNb.sMno.1C0.102 (NMC811)based orspecific energy of the cathode material. This
however does not translate to an advantage in energy density at the cell level, where NMC811
performs comparable to LMR as shown inByr LMRs to be practically applicable, they must
realize improved energy efficiencies, rate calggband capacity retention. All three of these
metrics are directly controlled by the reversibility and kinetics of redox reactions, which are

weakened in LMRs by the contributions from anion redox.
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Figure 1.7. Performance comparison of NMC811 compared taidh NMC. a) Spider plot
showing Lirich NMC only outperforms NMC811 on the basis of specific energy. Breakdowns of
how materials compare regarding b) material specific energy, c) cell energy densitj\h &b
content which is a key determinant of material cost, €) energy efficiency, governed by reversibility,
f) capacity retention over 100 cyclesmpared to voltage fade incurred, and g) specific energy

and power on a Ragone plot. Reproduced from Axtsalf

1.3 Overview of Chapters
This work considers all four key considerationstf@ capacity and rate capabildfa Li-
ion battery electrode throughout the various chapters presented. In Chapters 2 and 3, | consider the

role of the electrode architectur€hapter 2 provides an-atepth analysis of the staté-the-art
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slurry electrode architecture and reviews promising alternative electrode architectures. This
includes discussion of characterization techniques to assess architectural quality and existing
challenges in manufacturing alternative electrode architectures.cfiapter concludes with a
study of electrodeposition to create high mass loading composite electrode architectures with a
model L i nt er cal at i-Mo@s amh ¢cadoni nariotube fdam. We find that this
architecture maintains high utilization for high mass loadings of ~1Zmigt a scan rate of 0.5
mV/s during cyclic voltammetry. The electrodeposition technique enabled tunability of the
architecture and consequently the areal and volumetric capacities. The work presented in Chapter
3 confronts the challenge of integrating comeradized lithiated transition metal oxides (typically
synthesized at >700eC) with carbon scaffolds
electrode architectures. We explored a combined electrodepdsytiivothermal synthesis to
crystallize a mdel lithiated transition metal oxide, LiCeQvith a nanoflake morphology directly
on ni ne commercially avail able carbonaceous
understood the influence of hydrothermal synthesis parameters such as pressure, temperature,
duration, and Li salt solution conceation on the resulting LiCofXormation mechanism and
morphology.

Chapters 4 and 5 focus on the cathode material, which has a relationship ¢agdzuatity
and electrode potentialhe discussion in both chapters focuses on a class ofdati®deghat
can be made with high proportions of eaattundant transition metals. This is important because
the abundance of each transition metal constituent is a key driver of its contribution to the overall
cost of thematerial. In the last decade, these materials have been explored for the electric vehicle
market due to their high capacities coming from both cationic and partially reversible anionic redox

reactions. However, these higher capacities are often accomgmnileterious voltage fade
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caused by structural changes that occur during activation of anionic redox. In Chapter 4, | study
the influence of cobalt (Co), the most expensive TM component, on energy storage capacity,
voltage performance, rate capability, and electrochemical kirsdtiddRs. Previous studies have
shown that the presence of Co in LMRs facilitates oxygen anion redox kinetics, but results in
worsened capacity and voltage fade compared tir€&oLMRs and suggest optimization of Co
content in LMRs to promote capacity wdinaintaining cycling stability and operating voltage. |
studied the electrochemistry of LMRs with Co contents lower than explored previously in literature
(<15% in LIMOz domain) and concluded that in such small quantities there is no positive influence
of Co on the electrochemical performance of LMRs. In lieu of efforts to stabilize the
electrochemical performance of LMRs with quantities of Co high enough to improvecaeidox
contributions, this finding motivates a shift away from employing Co in the otherwise earth
abundant LMRs. In Chapter 5, | studied the local structural evolution dfe@d_MRs using
operando Raman spectroscopy. Changes in the local structutessefmaterials prompted by
anion redox are thought to be responsible for electrochepii@omenauch as voltage fade,
however are not readily captured by bulk techniques to assessaluyg order such as-pay
diffraction. | demonstrated that electrochemical probes of thermodynamics (entropymetry) and
kinetics (Li" diffusivity) could be used to assdbe bulk behavior of LMRs as a function of state

of charge These finthgs enhanced the interpretation of changes in Raman modes corresponding
to LiIMO2z and LeMnOsas a function of potentigFrom Raman ata | observed shortening of M

O bonds above 4M along with a increaseén configurational entropgthigh states of delifation.

These data suppaattwo-phase mechanism factivaion of LMRs.
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CHAPTER 2
Toward Deterministic Design of Energy and Power Dense Electrode Architectures
2.0 Preface
Portions of the literature review in section 2.2 were previously published as a textbook

chapter by Wilew CH GmbH. The publ i s h eB@eishnannt S, Kdambaj,an be

l., and Augustyn, V. (2022Nanostructured Transition Metal Oxides for Electrochemical Energy

Storage. In J. Nanda and V. Augustyransition Metal Oxides for Electrochemical Energy

Storage(pp. 183212) Wiley.https://doi.org/10.1002/9783527817252.chome of the data in

Section2.3 was previously published by the American Chemical Society and can be found at:
fASpencer, M.A., Yildiz, O., Kamboj, I., Bradford, P.D., and Augustyn, V. (20Rdyard
Deterministic 3D Energy Storage Electrode Architectures via Electrodeposition of Molybdenum
Oxide onto CNT Foams. Energy &  Fuels, 35 (19), 161886193.

https://doi.org/10.1021/acs.energyfuels.1c0235Dr. Michael A. Spencercollected the

electrochemical and scanning electron microscope data presented in Section 2.3.

2.1 Introduction

Electrochemical energy storage (EES) systems such as batteries and capacitors are
ubiquitous in our everyday lives, found in integral technologies like portable electronics, cars, and
medical device$?!! The EES devices that are easily available on the market today are not
optimized for highly anticipated applications such as fully electric vehicles (EVs), electric grid
storage, and sizeonstrained microelectromechanical systems (MEM®&rowing demand for
these technologies has provoked widespread scientific interest in creating EES systems to suit
them. It is critical to note that these technologies all have different requirements from EES, related

by some underlying themes. For instaneé¥s and grid storage both require large amounts of
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energy be stored, and the ability to dispatch that energy quickly when needed. To contain that
much energy, grid storage technology can afford to be large, but ideally EV batteries should be
light and spacefficient to allow for efficient transportationhie being safe, durable, and cost
effectivel® MEMS are used in applications like medical implants where size and weight are
paramount considerations; these batteries must store lots of energy per unit space and in some
cases (i.e. implantable defibrillators) must also be able to dispatch that enesigy per unit

time.

There is an overarching challenge that EES must confront to facilitate widespread
commercialization of these emerging technologies. The research community must understand how
to design a system that achieves simultaneously high energy density (enengy yp&ume) and
power density (power per unit volumé)To comprehend the magnitude of this challenge, it is
important to understand the state of the art. Indestagdard lithiurvion battery (LIB) electrodes
are solidstate, and made from intercalatitype material$® Intercalation materials have crystal
structures that can store lithium ions™jLwith minimal structural changes, such as graphite and
lithium transition metal oxides (TMOSs) like LiCeQLiMnO2, etc® Upon charging, the cathode
is oxidized, causing Liions to migrate from the cathode through thedonducting electrolyte
across a polymer separator to the anode where they are inserted, causing a reduction oftthe anode.
Electrons are released from the cathode concurrently and pass through the external circuit to be
accepted at the anode. Discharging occurs when ions spontaneously extract themselves from the
anode and rnsert into the cathode.

This conventional LIB technology is approaching fundamental limits; some of these
electrode materials are storing charge near their theoretical maximums in terms of specific (or

gravimetric) capacity, which is the charge stored per unit mass of matéfi@his implies that
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for significant improvement in specific capacity, novel electrode chemistries have to be explored,
such as those that partake in convergyme charge storage reactions. Conversion reactions are
named as such because el ectrem ccempoundst @oni al s
charging/discharginéf. Transition metals in conversion cathodes such as copper and iron can
accommodate up to six times more lithium atoms compared to those in typical intercalation
cathodes, but do so with considerable volume change that poses problems for the étdatrode.
current LIB electrodes, a slurry is made by first preparing a homogenous mixture of
electrochemically active material, conductive additive (carbon black), and polymeric binder
particles dispersed in a solveéft® This mixture is cast onto a flat metal foil current collector,
dried, and pressed to maximize density and adhesion. Thisssalel electrode design is not
conducive to the distortion that conversion cathodes go through upon numerous charge/discharge
cydes, and conversietype slurry electrodes degrade quickly as a résdlhese electrodes are
similarly degraded if one tries instead to improve their areal energy storage capacity by increasing
the active material mass loading, which correspondingly increases the thickness of the slurry
layer?! For a moderate (if any) improvement in areal capacity, thick slurry electrodes can
experience decreased power density, confirming a-twHdéoes exist between achieving high
energy and high power densities in this architecti@urry architecture incompatibility with
conversiortype materials and high active mass loadings has prompted exploration of novel
electrode architectures as a starting point to optimize both the energy and power densities of a
material simultaneoust/:?3

There are many factors to consider while designing such architett@es macroscale,
electrode porosity and tortuosity have critical impacts on ionic conductivity in the electrode and

electrolyte that permeates through it, as well as on electronic conduglitityt is well
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understood that nanostructuring active materials is an effective route to increase electrochemical
interfacial area, which typically increases power density by reducing ion diffusion path
lengths?>2832When it comes to material systems themselves, there are ongoing efforts to advance
fundamental understanding of the various energy storage mechanisms, particularly those that occur
at electrochemical interfacésThere exist the Faradaic reactions (intercalation, conversion, and
alloying) involving electron transfer across the electrochemical interface and the electric double
layer (EDL) mechanism involving the separation of charges at the electrochemical éntetfac

87 Since Faradaic mechanisms can store more charge, and EDL mechanisms can release charge
more quickly from the surface, emerging architectures have attempted to combine these materials
to create hybrid architectures that reap the benefits of both proé&§s€anhile in theory

creating hybrid architectures should enhance both energy and power densities, in practice with
both material and structural considerations there are now many design variables, too many to
randomly iterate through efficiently to achieve thesired performance. This has brought to light

a need for deterministic design, which is the idea that these architectures can be developed in a
predictive manner using highly controllable synthesis techniques to deliberately place
components, informed bipe prescriptive guidance of theoretical modefhtf:*°Creating this

type of propertydriven processing loop could also open doors to easily tailoring electrode
manufacturing based on properties desired for specific applications.

For deterministic design to be a viable option for electrode architectures, there are
guestions that remain on how to arrange electrode components for unimpeded ionic and electronic
conductivity in ways that maintain high mass loading, rate capabilitycacling stability. The
following is a critical analysis of: 1) existing literature on fundamental limitations in the slurry

architecture, 2) existing characterization and madsisted efforts to improve understanding of
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architectureproperty relationships, and 3) examples of promising electrode architectures created

using tunable techniques. We conclude by providing a tunable design strategy for composite
energy storage electrodes made by electrodepositing a mddatdricalation material, Mo§)

onto carbon nanotube (CNT) foams of varying thicknesses. The electrode manufacturing process

can be tuned to adjust Me@ass loading while maintaining nethieoretical Li utilization.
2.2 Literature Review

2.2.1 Issues with the state of the art: nanostructured active materials in slurry electrodes

A well-performing electrode fulfills the following basic requiremefits

1) High electronic conductivity throughout the electrode. Internal resistance must be
minimized to optimize electrochemical activity (i.e., must ensure electrons reach all
electrochemically active material to enable redox reactions).

2) High ionic conductivity throughout the electrode, and within the electrolyte that
permeates its pores. Electrodes must have sufficient ion transport pathways such that
ions can readily access active material throughout the electrode.

3) The electrode must have the ability to handle any strains caused by electrochemical
cycling without incurring significant structural degradation.

Nanostructured TMOs have been shown to improve specific capacity, power, and cycling
stability when used as electrode active materials; however, when used in slurry architectures the
following challenges arist42

1) TMO nanoparticles agglomerate and segregate from the conductive carbon phase.
2) It is difficult to maintain electrical conductivity in thick electrodés.
3) Parasitic side reactions between the electrode and electrolyte can occur, especially in

the first cycle.
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4) Electrodes consisting of nanosized particles generally have a lower density than those
consisting of bulk materials, which results in decreased volumetric caffacity.

Figure 2.1aillustrates the nanoscale morphology of a model slurry electrode; the active
material has maximum surface area exposed to the electrolyte with conductive additive and binder
particles homogenously dispersed around it. In this ideal slurry morpholotyyeallof the criteria
listed above for a welberforming electrode are met. However, this model morphology has proven
to be quite difficult to achieve in practice, especially for nanosized active materials. Slurry
architectures are less effective for naned materials primarily because smaller particles are more
susceptible to agglomeration and segregation in dispersions, resulting in inhomogeneous slurries
and the clustering of active material partid®e$€:*°As a consequence of segregation, components
are not weldispersed and instead form a hierarchical structure where the active material forms
clusters around which the conductive additive and binder coagulate, as illustriaigaren2.1b.

The resulting electrode lacks continuous electrical percolation networks and avenues for
electrolyte to access active material surfaces, and fails to achieve both high electronic and ionic
conductivity. This compromises the achievable rate capabilitycapdcity. A study done by
Widmaier et al. demonstrated this by exploring the electrochemical performance of carbon and
lithium titanate (LTO) composite electrodes as a function of microstructural compdsifion.

high LTO concentrations, stricron sized LTO particles formed aggregates trapping the micron
sized activated carbon in an insulating matrix and disrupting electrical percolation. The authors
concluded that for high LTO concentrations, snigron sizedcarbon particles must be used to
create continuous electrical percolation networks throughout a composite electrode as shown in

Figure 2.1cd.
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Figure 2.1 Schematics of slurry electrodes compara)gg model electrode morphology, with
continuous conductive pathways and ample pore space to maximize interfacial area between the
active material and electrolyte verdajsa realistic morphology with aggregation of components

and minimal pore space. Adapted from Yefllustration of improved electrical percolation
networks whert) micronscale carbon particles are replaced witimanasized carbon particles

for use in slurries with high concentrations of naimed TMOs. Adapted from réf.

Additionally, the densely packed clusters of particles are often disrupted by void formation,
cracking, and separation, compromising cluster streligfiertain nanostructured metal oxides
can be susceptible to these disruptions due to their propensity for volume change during
charging/discharging/. This volume change is more concerning for TMOs undergoing conversion
reactions, but is also present to a lesser extent for intercalation mdfgfalelume change

causes particle clusters to split up into aggregates that are weakly connected to nearby aggregates,
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but strongly interconnected within. On a macroscale, this causes the electrode to be increasingly
susceptible to cracking and delamination during electrochemical cyéling.

There have been attempts to adapt existing shaaking protocols to create homogenous
slurries of nanosized materials, primarily through incorporating advanced mixing techniques and
tailoring slurry viscosity. Despite these efforts, slurry inhomogenaitd resulting poor
electrochemical performance have continued to present issues for nanosized active materials in
slurry electrode$® These persisting issues suggest an alternative electrode design strategy must

be explored to reap the benefits of nanosized TMOs in electrodes.

2.2.2 Understanding the fundamental limitations of energy storage processes in thick slurry
electrodes

Several studies have aimed to analyze the energy and power density tradeoff in thick, high
mass loading slurry electrodes to uncover fundamental limitations in even the ideal, homogenous
slurry architectures, using a combination of experimental, chazatiertbased, and numerical
simulation approaches:26°9% There is a strong consensus in the literature that mass transport in
the electrolyte that permeates highly porous electrodes is a key limitation, and leads to overall
sluggish kinetic$? Gallagher et al investigated this prospect on aleedl, drawing relationships
between electrode mass loading, electrolyte transport properties, rate capability, and energy
storage performance from experiments and numerical simul&fiding authors optimized areal
capacity of a standard industry electrode formulation {4dMno.2C.202 or NMC622 cathode
and graphite anode) using gradations in porosity. As shovgire 2.2, both densifying the
electrode via calendaring as well as increasing thickness did improve the energy density of the

electrodes before leveling off, with the lowest porosity of 20% yielding the highest energy density.
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Figure 2.2 Relationship between cathode thickness and overall cell energy for different cathode

porosities. Reproduced from r&f.

Numerical simulations were conducted based on the electrodes with 35% porosity to
predict rate performance, asdmpared to experimental results. These simulations take in a key
parameter called tortuosity, which is a geometric parameter that describes the complexity of mass
transport within a pore network and is used to calculate effective transport profeftmse
2.3ac show the results of these numerical simulations. The simulatiofignore 2.3a
demonstrates that as the penetration depth of the ionic current increases, increasing the thickness
does not proportionally increase the capacity. The inset plot shows that decreases in discharge
time, or increases in-@te, shorten the penetration deptfthen the electrode thickness is 1.8
times the penetration depth in the simulation, the accessible capacity starts deviating greatly from
the theoretically available capacity. The numerical relationship between electrode thithness (
penetration depthL§), concentration dependent transport paramef@rando , porosity (),
tortuosity (), electrode current density)(is described byEquation 2.1. The constant of

proportionality betweeh andLa is .
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O 0 ——mm— (2.1)

Figure 2.3b highlights that the decline in utilized areal capacity is likely due to ionic
concentration gradients that form during discharge. The authors posited that when lithium
concentration builds up in active particles close to the separator, the electritapatergases
drastically until the cell voltage cutoff threshold is reached. Lithium plating in the graphite anode
was observed as an unwanted side effect ofthiggure 2.3cshows simulation results predict
that thinner electrodes are more reégpable than thicker electrodes; this is confirmed by an
experimental rate capability experiment whose results are showhigme 2.3d The
corroboration of experimental and theoretical results in this study enabled the authors to conclude
that mass transport limitations in electrolyte in these high areal capacity, thick slurry electrodes
must be the cause of underutilized capacity & plorous electrode, especially during high

discharging rate%
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Huebner et al. evaluated the effect of a variety of slurry electrode design parameters on ion
diffusion limitations in the electrolyte, demonstrating that for several combinations of parameters
there is still ratedi f(fDLLhHiypd AR elentratessdvhic@ i the
maximum Grate that can be drawn from an LIB before experiencing capacity déClihe.DLC
is defined as the ratio of diffusidimited current densityQ to the nominal areal capacity of
the electrodel( as perEquation 2.2 Factors that were found to improve rate performance,
or increase the DLC, include: increasing sdlidte diffusivity (D), conductive additive content or
electrode porosity (U), opti mici,nigcosity), andt r ol y 1
decreasing the particle size of active materials and electrode thickne&sy@lation 2.2 also
includes the Faraday constant (0OF) ) massfrattionosi ty
of active material] , and apparent density (1}). Whi | e
improvement of performance, the authors conclude that tuning these knobs arbitrarily still yields

a tradeoff between energy and power derfity.

0 6 (2.2)

h

A relatively newcategory of studies have focused on creating better estimates of tortuosity
in thick slurry electrodes by using advanced characterization techniques such as micro and
nanoscale Xay computed tomography (CT) to draw relationships between levels of tortuosi
and electrochemical performam®eX-ray CT is an attenuation (or absorption) contrast based
imaging technique performed by passingX@y s t hrough a material s vo
differently by different materials based on factors like density and atomic ndhth&he Beer
Lambert Law inEquation 2.3 describes how a material attenuates aray)Xbeam with initial
intensity lo, and describes the level of attenuation using the coefficient distribupioy). [1The
transmitted Xrays, with attenuated intensityas perEquation 2.3 are converted to visible light
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by a scintillator and i maged. This i mage, ref

step as the sample is rotated incrementally based on a degree step size.

o o - Ah (2.3)

2D projection images for the entire rotation are transformed into a 3D tomogram (or
reconstruction) by a tomographic reconstruction algorithm. This tomogram can be sliced to view
the internal structure of the sample if it is comprised of materials tisiuate differently (i.e.
metal versus air in a porous metal). In addition to attenuation contrast tomography, phase contrast
tomography measures the change in the real portion oftheaXy 6 s refracti ve i nd
differs depending on the matertdlPhase contrast tomography, although more experimentally
complex, is favorable for LIB research where refractive indexes of common LIB materials like
graphite and lithium tend to be more different than the attenuations of those mézftétiadsger
features and a greater difference in characteristic properties results in better image contrast. Even
using phase contrast tomography, the caitioder domain (CBD) in slurry electrodes consisting
of nanosized carbons and polymers has historibain difficult to capture and therefore in most
3D models the CBD and electrolyfited pores are assumed to be a single pRaHethis 3D
model with an unrepresentative microstructure is used in simulations of electrochemical dynamics,
the results tend to be less indicative of the true performance of the architecture.

Shearing et al used a novel dgabn superposition technique to combine high resolution
X-ray naneCT and micreCT tomograms to create a 3D microstructurally resolved modiie
development of this techniqgue and model is a major advancement in battery imaging because it
could capture the feature details across multiple length scales and distinguish elefdtealyte
pores from the nanoscale carbainder domairt®>®° This model helped show that macroscopic

concentration gradients in the electrolyte and state of lithiation in standard NMC electrodes
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increase with increasing-fates and deptbf-discharge through the thickness of the electrode,
also driven by Litransport limitations in the electroly&Figure 2.4shows that in standard NMC
electrodes, nowmniform reactivity and reactant transport is attributed to heterogeneity in the
particle and pore distribution. This causes uneven intercalation behavior among particles, and
results in undeutilized capacity ath low power densities, especially under higke conditions.

Using this 3D microstructural data in numerical models, the authors determined that the success
of the electrode under higlate conditions is determined primarily by porosity of the electrode
near the separaté?.Graded microstructure electrodes, where average particle size is smaller near
the separator and slowly increases with depth into the electrode, showed improvement in the rate

capability while maximizing the energy density available at high mass loadings.

30



As-prepared Graded particles

* Electrode tortuosity
* Pore tortuosity

> 323 : o ® Graded particles
g e 3 e
é Zi q & As-prepared
2 4 : _'-;,‘
; -
2 I . . .
$7 B &
2> s .
0 : ;j
0 10 20 30 40 50 (
a 9
Distance 1o the separator (um) &% g 43 3 ,
) 10 2 3% 40 50

Distance 1o the separator (um)

= - —
a3 223

« Graded particles * Graded particles

&\ ® As-prepared i8 » As-prepared
Ll |
.

Distance to the separator (um)

NN Wso

*-ﬁul? W

40

Interfacial area (um’)

05

0 10 20 30 40 50 0 10 20 30 40 50
Distance to the separator (um) Distance to the separator (um)

Figure 2.4.Comparison between as prepared and graded particle samples from 3D reconstructions

of the NMC phase at 50% deptifi-discharge at 3.75@) Patrticle size distribution of g&repared

sample. Spatial distribution &f distance to separator, i.e. distance aidn travels to a reaction

site which is wellcorrelated wittc) p ot ent i al dr o pp)andd) lodalevarisgione c t r o |
in charge transfer current density)Je) illustrates three distinctly convoluted‘lpathways (A,

B, C) showing tphe epdodashedt o niet) y agds gedne ct r oc
dashed line)f) Particle size distribution of graded particle sampié). relationship between

interfacial area, state of lithiation, and electrolyte concentration as a function of distance to the
separator for both the @separed and graded particle samples. All scale bars are 10 um. Adapted

from ref8°

Shearing et al. go on to evaluate which porosities are best for which applications based on

theoretical modeling studies of electrochemical performance; some of the design variations
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evaluated are shown Figure 2.5°° They suggest that for thin electrodes that are pasiented,

the volumetric energy density will not improve from decreasing porosity because this is
accompanied by increased heterogeneity, which also sacrifices rate capability. For nratkerate
applicaions, reducing porosity by calendaring could improve the energy density, but with a
sacrifice in capacity for rates above 1C. Although this study does not solve the issue cb# trade
between energy and power density in slurry electrodes, it does lsb@awer of using a real, 3D
resolved microstructural model of the electrode architecture in electrochemical performance
simulations as opposed to just a constant tortuosity value. Applying this kind edirilata
feedback loop of characterizatiomodelsynthesis to alternative electrode architectures could hold
real promise for effectively testing various design parameters for architectures that have potential

to overcome the energy and power density tradeoff that slurry electrodes experience.
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2.2.3 Emerging architectures for nanosized TMOs that show promise for deterministic design

Electrode architectures compatible with nanosized TMOs can broadly be classified using
di fferent design variations. Il n this context,
components (electrochemically active components, conductive comtgpnetructural
components, etc.) are synergistically combined with binding on a molecular level to enhance the
electronic and/or ionic conductivity, electrochemical reactivity, or cycling stabililyhese
components can range from conductive polymers such as polyaniline (PANI) or Roly(3,4
ethylenedioxythiophene (PEDOT) to carbons such as CNTs or grapifénedependently,
current collectors themselves are often nanostructured as a scaffold for TMO or hybrfd lfims.
many cases, the nanostructuring of the current collector enables a streamlined manufacturing
process with a more repeatable oufufhe subsequent analysis of emerging electrode
architectures will be organized according to the geometry of conductive phase in the architecture
(i.e. how many dimensions exist for electron conduction).
2.2.3.1 Ondimensional & twedimensional architectures
Nanowires

Nanowires (also termed nanorods or nanopillars) in electrode architectures have been used
with both metals and TMOs. In a 1D configuration, these wires are fabricated to be aligned.
Nanowires can be made and used in two ways, either as the current ctileciselves, or grown
from a current collector to act as its conductive extensions. In either case, there is typically an
increase in available current collector surface area compared to a flat substrate for the efficient
incorporation of higher mass laads of active material, as well as the advantage of increased

electronic conductivity throughout the electrode. The space between nanowires creates predictable
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ion transport channels by facilitating electrolyte access to all active material and helps
accommodate volume changes that may accompany redox reattions.

The most employed metals for nanowire current collectors are copper or nickel, fabricated
by electrodeposition onto templates or metal oxide reduttitiPure metal nanowire arrays have
high electronic conductivity and high surface area for a thin layer of active material to readily
deposit onto them conformalfy. Taberna et al. developed a 1D architecture via a simple
electrodeposition of nanostructuredsGgonto a Cu nanorod scaffot.Compared to a planar
electrode of the same material, this architecture safoll @mprovement in power density in the
same timeframe of discharge thanks to enhanced electrical conductivity enabled by the copper
scaffold.

Though insulative in bulk, pure TMO nanowires exhibit high electron mobility due to their
singlecrystal structuré’ This has facilitated an increased interest in their use for hybrid
supercapacitors as negative electrode materials, as well as irrateghIB applications.
Armstrong et al. compared the electrochemical capacity of(B)dn bulk and in nhanowires, and
found that the capacity increased by roughly 27% in nanowire configufation.

Nanotubes

Nanotubes are also 1D electronic conductors like nanowires, but differ because they are
geometrically cylinders with inner and outer diameters and very thin walls. While nanotubes for
oxide electrode architectures are most commonly made from carbon, Téi@edal nanotubes
such as Ti@QB) nanotubes for intercalatiempe electrodes and nickel nanotubes for conversion
type electrodes have also been studied. et al. studied a particularly unique Ni nanotube
architecture where large Ni nanotubes (~250 nm in diameter) are grown on a flat substrate via

alternating electrodeposition and electrochemical dealloying techrfiues.
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FesO4 nanoparticles were grown on the internal and external nanotube walls, and coated
with birnessitet y p-nOzifilms. The resulting architecture, shownkigure 2.6, has a highly
reversi bl e manQ@efil holgthe FeOananepariicles intact and prevents large
volume changes during cycling, and the hollow structure maximizes the active material/electrolyte
interfacial area. These factors enable higher capacity by accommodating additiomaisLi
compared to an architecture of NifE2alone, presumably due to the added storage capabilities
of the layer of MnQ@. Even after 1000 cycles, the Nif&r/MnO: architecture appears to have

almost the same morphology as before cycling, with 96% capacity retention.
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Figure 2.6. Scanning electron microscope (SEM) images from an overhead view aj be
nanotube arrayp) after FeO4 nanoparticle growth, anc) a f t -BImO2 chating.d) Architecture

before electrochemical cycling)discharged, anf) chargedg) size distribution of features before

and after 1000 electrochemical cycles, indicating minimal size change due to cycling. Adapted

from ref8
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While aligned 1D nanostructured current collectors have shown to enhance the
electrochemical performance of the active material components, the mechanical integrity of these
architectures has been a concern at high active mass loadBmsller nanowire or nanotube
diameters lead to higher overall surface area for active materials, but high mass loadings are limited
by the strength of smaller nanowires. Conversely, larger nanowires lead to a higher volume
fraction of the electrode beirtge current collector, also limiting high active mass loadifigs.
second obstacle has been the lack of control in engineering the length of nanowires, specifically
those made via templagssisted electrodeposition technigéesi/hile increasing the length of
the wires would provide more surface area, longer aligned nanowires tend to cluster when released
from template$’ Optimizing the diameter and length of 1D nanowires for a balance between
mechanical integrity and high energy density is an ongoing challenge for this type of architecture.
Hybrid nanostructures

A prominent example of a hybrid 1D nanostructure that has been extensively researched
are core/shell nanowires. A core/ shell archi i
structure is a different ma % €hese dalered mirasnaret he 7
engineered with the goal of reaping the benefits of different materials by combining®them.
Core/shell structures of a litany of combinations of metal, metal oxide, polymer, and have been
explored. In the case of multiple TMOs combined into one heterostructure, sueBsasosted
on SnQ wires, a singlecrystalline nanowire core can enable high electrical conductivity, with
both the core and TMO shell providing'lstorage and resulting in a high capacity, higte LIB
electrode?® In the last decade, research efforts have focused on optimizing the manufacturing
processes of these nanowire core/shell structures to gain precise control on structure and

morphology. Xia et al. proposed a combination of hydrothermal synthesis and @hbatit
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deposition to fabricate two different metal oxide core/shell nanowire arrag®+/Qd and
ZnO/NiO as shown ifrigure 2.7.”* Grown on a 3D microporous nickel foam substrate, th&Co

and ZnO nanowire arrays were hydrothermally
nanoflakes (2D electronic conductors with nominal thickness of ~10 nm) were deposited via a
chemical bath. They are only partially interconnected as they fororcu$ shell around the
nanowire cores during chemical bath deposition. Th€O@NiO core/shell structure exhibited
improved electrochemical performance over arrays of the individual components alone and also
benefited from the hierarchical structure provided by the 3D microporous Ni foam current collector

as compared to a flat flume-doped tin oxide (FTO) substrate.

vi|

Figure 2.7.SEM images o#&,b) CasO4 nanowires alone 'am:jd) Co304 nanowires with NiO shell.

e,f) CosO4/NiO heterostructure enlarged to show flaky, porous shell. Reproduced frém ref.

The exploration of electrode architectures has thus overwhelmingly evolved in recent

years to focus on hierarchical architectures that combine 1D/2D building blocks to form 3D
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electronic conduction pathways, or to develop -B&mding 3D scaffolds to incorporate
nanostructured TMO materials. However, as can be inferred from the preceding discussion there
are many permutations and combinations of building blocks, and littlestadding of design

rules regarding how to achieve synergistic configurations of these components to produce
electrochemical performance competitive with slurry architectures.-dmhérror has been a
primary design strategy. Few architectures using DDK2D building blocks can be easily tailored

to achieve specific electrochemical performance metrics. The following section will discuss
common 3D substrate choices and architectures that may show more promise for deterministic

architectures, and the mdaaturing and design challenges they present.

2.2.3.2 Threalimensional architectures
Assemblies

Nanostructured materials have been used indtaeding assemblies to form hierarchical
structures that exhibit good electronic and ionic conduct¥igarbon materials are the most
widely explored for use in hierarchical assemblies due to their high electronic conductivities.
Carbon nanoparticles such as CNTs and graphene have been explored for use in oxide architectures
both independently and in vari®@upermutations and combinatiofs* In each case, the
conductive materials can se§semble into layered or disordered structures that provide ample
surface area for active material loading. However, graphene sheets tend to restack because of
s t r o“nirgeractions between the 2D sheets, leading to decreased accessible surface area. This
can be mitigated by etching nanopores into the graphene sheets @pizpfdrerestacking’>"®
The obtained frestanding, 3D holey graphene architecture is suitable to serve as a conductive

substrate for nanostructured TMOSs.
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Sun et al. created high mass loading electrodes by incorporatiy@s Nnoparticles into
the holey graphene architecture through a series of deposition, annealing, and reductibf steps.
Figure 2.8 shows the synthesis and resulting architecture of the hierarchically porous structure.
The highly interconnected network provided good channels for ion and electron transport, enabling
high rate, and high areal capacities at high mass loadings (11 fhgdust like the nanowire
arrays from the previous section, these assemblies are examples of how materials with 1D and 2D
pathways for electronic conduction (such as CNTs and graphene flakes, respectively) can be
combined or grown on a flat or porous suétg to form 3D architectures that serve as scaffolds

for TMO deposition.
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length scales, creating channels for easy ion diffusion and electron conduction compared to layered

Nb2Os/graphene composites. Reproduced fronf4ef.
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Aerogels

Transition metal oxides can be prepared asdewsity aerogels with high porosity to
facilitate electrolyte diffusion and high surface area, as well as good electronic condettivity.
Aerogels have been widely studied in hybrid architectures along with binders or CNTs/graphene,
and even hydrogels of pure nanostructured TMOs have been directly used as elécfitbdese
study, a graphene aerogel was used as a scaffold for the hydrothermal deposituids of V
nanoparticle$® The nanoparticles adhered to the graphene matrix well and accommodated the
volume expansion of d0s during Li* intercalation in noraqueous electrolyte. Although overall
additional research is necessary to create biftderaerogels that can accommodate high active
mass loading, this study suggests that aerogels are suited to provide sufficient electronic and ion
conductivity for simultaneous high energy and power density electrodes.
Foams

Foams have been considered ideal scaffolds for nanostructured TMOs due to their enabling
high areal capacity in electrod&sThey have high surface area for active material, macropores for
electrolyte to permeate through the el ectrode:¢
conduction. Foams also allow for freanding structures and are amenable to many systhes
approaches that facilitate control over morphology, size, and active mass loading such as
electrodeposition and hydrothermal synthesis.

The most common foam materials are metals and carbon. Metal foams such as those of
nickel and copper are mechanically robust and available at low costs but typically add a higher
inactive mass to the electrode than carbased foam& 8! Therefore, carbon foams have been

explored to achieve simultaneous high gravimetric energy and power densities. The most explored
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carbon foams are made from graphene or CNTs. In some studies, CNTs were grown from graphene
foam to increase the overall surface dfea.
Opportunity for Architectural Advancement

Although both the holey grapheind20s and graphene aerogébOs composite
architectures exhibited remarkable performance for deterministic electrodes, the design procedures
required to create the composites are complex. These procedures are likely unable to compete with
the cheap, straightforward slurry manufacturteghnique. Much of existing 3D architecture
research focuses on optimizing complex procedures to enhance the performance of specific
architectures. New research directions must emerge to generate 1) simpler manufacturing
techniques for electrode archite@s and 2) mechanistic understanding of transport limitations
and fundamental fluid, mechanical, and electrochemical dynamics at play pdrighming
architectures. This analysis could occur similarly to that for thick slurry electrodes in litesature a
described by section 2.2.2, which entailed reconstructing the architecture using advanced
characterization techniques and simulating physical and chemical dynamics such that fewer
iterations of complex synthesis procedures are necessary to understantgrere limitations.
Once a solid understanding of fundamental limitations in -pigitiorming architectures is
achieved, design rules may be made clear for engineering researchers to streamline electrode
architecture manufacturing.
2.3 Electrodepositionbased design of 3D electrode architectures

Another avenue for simplifying electrode design is to develop electrodeposition strategies
for direct assembly of electrochemically active materials onto conductive scaffolds.
Electrodeposition is a widely used technique to heterogeneously nucleateanetaksl oxides

onto conductive surfaces from molten salts, aqueous, or organic electrolytes. Mamypaitery
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chemistries can be made via electrodeposition, including LiCbi®nOz2, LiV20s, LiFePQ,

MnQOz, and \40s. Our group recently employed an aqueous electrodeposition n¥éftteal coat

a model intercalation materidllMoOs, onto CNT foams creating fretanding, 3D electrode
architectures with tunable mass loading. The CNT foams were vertically aligned and
interconnected with large pores on the order-@aD5um. By varying the number of CNT layers,

we could tailor the thiakess of the foam scaffold. The fabrication process fotithl®Os/CNT

foam electrodes is summarized kigure 2.9 We first plasma cleaned the scaffold to ensure
hydrophilicity of the pyrolytic carbon surface. Next, we electrodeposited amorphous, hydrated
MoOs from an acidified molybdate solution using cyclic voltammetry (CV). Immediately after
electrodeposition, we calendered the electrodes between stainless steel rollers with a spacing of
~167 e€m to remove excess por osi triycagadityadf themay h a
final el ectrodes. Finally, we calcined the ¢
amorphous Mo®electrodeposit to the electrochemically active layered phase, orthorhtimbic

MoQO:s.

1. Plasmaclean 2. ElectrodepositMoQ,; 3. Calender composite 4. Calcine at 350°C
and dry from aqueous solution electrodes for 5h in air
50

o

Current / mA cm2
3

o
=]

40 05 00 0.5
Potential / V vs. Ag/AgCI

50 or 100 layer
CNT foam coated with 0.5 M Na;MoQ, in DI water
pyrolytic carbon pH 2 (w/ H,SO,)

Figure 2.9. Schematic of the manufacturing process to prodiiboOzCNT foam composite

electrodes.
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There were two ways to control theMoOs mass loading of the fabricated electrodes. The
first was by altering the number of electrodeposition CV cycles #sgdre 2.10shows that for
the 50 layer (50L) CNT foam scaffold, the mass loading could be varied between ~4 fngicm
4 CV cycles to ~17 mg/chirom 16 CV cycles. The SEM iRigure 2.10depicts that as the mass
loading increased, the thickness of the conform®oOs coating around the nanotubes also
increased uniformly. The second way to control the mass loading was by varying the number of
layers in the CNT foam scaffold. When electrodepositing onto 100 layer (100L) CNT foam
scaffolds, the mass loading could be gdrbetween ~5 mg/cifrom 4 CV cycles to ~32 mg/cm

from 4 CV cycles.

a) 4cycles b) 8cycles c) 12cycles d) 16cycles

- T 45
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4 6 8 10 12 14 16 18
Electrodeposition Cycles

Figure 2.10. SEM images depicting an increase in conformal coating thickneSdvimiOs on

CNTs with number of electrodeposition CV cycles featuring electrodes made using a) 4 cycles, b)
8 cycles, c¢) 12 cycles, and d) 16 cycles. e) Variation in areal mass loading with number of
electrodeposition cycles for 50L and 100L CNT foaifise scanning electron microscopy was

performed by Dr. Michael A. Spencer.

X-ray micreCT allows for characterization of the macroscale 3D architecture and is

critical to understand the distribution of the active materials within the electrode volume,
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information that cannot be captured from 2D techniques such as Bightre 2.11shows cross
sectional images taken 25%, 50%, and 75% of the way through the electrode thickae3B
reconstruction from micr€T of an 8cycle electrodeposit on a 20L CNT foam electrodee T
crosssectional images clearly show the uniformity of the Me{@ctrodeposit, aligned electrode
architecture, and interconnected porosity as compared to aser@ssn of the pristine CNT foam

in Figure 2.12 This data demonstrates that the aligned CNT foams are electronically conductive

such that the electrodeposition of the oxide occurs readily throughout the volume. This enables the

creation of high mass loading electrodes with known ion and electropdrapathways.

Figure 2.11. Reconstructed micr€T crosssectional images of an 8 cycle electrodeposited
MoOs/CNT foam (20 layer) electrode a) 25%, b) 50% and c) 75% through the thickness of the
foam showing the uniformity of the oxide coating and alignment of the CNTs. The horizontal lines

in the top images show location of the cresstional scan along the efeode thickness.
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Figure 2.12 Reconstructed mic¥r@T crosssectional image of a bare CNT foam. The low atomic
number of carbon leads to low attenuation efays as they pass through the sample, generating

a low-contrast image for comparison to the coated CNT foam.

UMoOs is electrochemically active, and can reversibly intercalate alcicording to
Equation 2.4below:

MoOsz +xLi*+xe P LixMoOs3(0 x 1.5) (2.4)

We assessed the el ectr odMb@ENTcf@am compositt or man
electrodes usinghe CV technique in neaqueous Lion electrolyte. We prepared a series of
electrodes with increasing mass loadings by varying the number of CV cycles during
electrodeposition between 4 and 24. We found that the areal and volumetric cathodic capacities
increased almost linearly as the electrodeposited mass loading incréagace (2.13.
Furthermore, the specific capacities remained close to the theoretical capdsityoGis (280
mAh/g) regardless of mass loading. Full utilization of the active material suggests that
electrochemical performance was not limited by ion transport io-¥MeQs, even as the thickness

of the conformal coating around the CNTSs increased with mass loading. By enabling control over
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the active mass deposited, the electrodeposition technique allows for control over the energy

storage performance of the composite electrodes.
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Figure 2.13.Varying the number of electrodeposition cycles tuned the a) areal capacity and b)

volumetric capacity of the-MoOs/CNT foam electrode architecture. c) The electrodes maintained

neartheoretical (dashed line; 280 mAh/g) specific capacities atkdsOs mass loadingsSThese

electrochemical data were collected by Dr. Michael A. Spencer.

We calculated the characteristic time associated with charging and disch@rdorgach

electrode by fitting the specific capacity vs. rate data showfigare 2.14ato the following

equatiors®:

Here,—is the measured specific capacity at a givenRa€@ui s t

0

Y

YT p Q

he

e |

(2.5)

ectrodeo

achievable capacity at a slow rate, and a constant parameter indicative of the rate limiting

mechanismFigure 2.15provides an example of hotwvas determined for an 8 cycle (7.5 mgcm

%) electrode. Using this analysis, we find thahcreases as mass loading increases, from 0.39

hours for a 6.0 mg crhelectrode, to 3.18 hours for a 15.5 mg-oahectrode Figure 2.140. This
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analysis indicates that solglate diffusion becomes rdimiting with increasing Mo®@ mass

loading.
a) 400i b)
o _ "
g S003—=g%§ " 6.44 h 3.18h
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Figure 2.14. a) Specific capacity vs. rate for different mass loading electrobgslhe
characteristic timet] for each electrode determined frd&quation 2.5 The error bars indicate

standard error from fittingequation 2.5to the experimental dat@his data in (a) was collected

by Dr. Michael A. Spencer.
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Figure 2.15.Determination of the characteristic timig for an 8cycle electrodeposited electrode
following the analysis proposed by Tian etalLinear fitting of the low and highrate regimes
to determine the parameters fRguation 2.5 (Qu, n, and t.) b) Fit of Equation 2.5 to

experimental data for an@/cle electrode®®

EIS of the electrodes made via 4, 6, 8, and 16 cycles of electrodeposition were performed
at open circuit voltageFigure 2.16 shows the Nyquist plots of each electrode, with the high
frequency region shown in more detail in the inset. The 6.0, 7.5, and 15.5 hedemtnodes show
similar impedance responses, with a seirdle in the high frequency region and a slanted line in
the low frequency regioff: These features are typically ascribed to the charge transfer resistance
and diffusion in the electrode, respectively. We hypothesize that the higher impedance of the 3.3
mg cm? electrode could be related to the microstructure of the deposit, which (unlike the higher

mass loadings) does not coat the entire surface of the CNTSs.
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Figure 2.16.Electrochemical impedance spectroscopy of electrodes made via 4, 6, 8, and 16 cycles

of electrodepositionThis data was collected by Dr. Michael A. Spencer.

In this study, we demonstrated that electrodeposition can be used to create cothposite
MoOQOs/CNT foam electrodes with tunable mass loadings. SEM images showed the deterministic
3D electrode architectures featured predictable ion and electron transport pathwaysMb€xe
conformally coated vertically aligned conductive carbon nanotubes. The architecture was
homogenous throughout the scadyimeicdloBietighi cknes
surface area CNT foam scaffold enabled high mass loadings of ~33 higfch®OL and ~17
mg/cn? for 50L. Furthermore, at a rate of 0.5 mV/s all 50L electrodes deliveredhezaetical
specific capacities, suggesting full utilization of the active material across mass loading. Our
findings suggest that electrodeposition on porous, high surfacesalbea scaffolds is a promising
design strategy for creating energgnse 3D Lion electrode architectures with tunable areal and
volumetric energy storage performance. Opportunities for future work include developing
strategies to electrodeposit intdetaon materials with higher intrinsic electronic conductivity to

prevent ion transport limitations in the active material coating when cycling at fast rates.
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2.4 Conclusion

As described in the early discussion of literature, the -sfatiee-art slurry electrode
architecture is not readily adaptable for simultaneous high energy and power density applications.
This is due to fundamental limitations of mass transport in thi@kagp electrodes, caused by
increasingly tortuous ion pathways with increased mass loading. These tortuous pathways increase
diffusion distances for ions traveling through the electrolyte to reach the electrochemically active
material, resulting in undeilized capacity and poor high ratapability. These challenges are
further compounded by difficulties that occur when nanosized TMOs are used as electrochemically
active materials in electrodes; the slurries are prone to agglomeration and segregdten of t
conductive and adhesive components, which results in poor electrical percolation networks and
can compromise the electronic conductivity and mechanical integrity of the electrodes. The slurry
architectureds inabil ity hangemakeaihuhduimblesfdrusawith s c a
conversiortype materials as well, which are increasingly being explored for applications needing
high specific capacity. Therefore, the research community should give increased attention to
designing electrode architieires that are compatible with different types of active materials, and
that are easily tunable and scalable for widespread commercialization.

There are many design considerations that go into creating an effective architecture for
high energy and power density applications. The architectures that show the best performance tend
to be made using complex procedures, making efficient iterative ndesigllenging and
fundamental understanding of performance limitations scarce. We demonstrated that
electrodeposition can be a valuable tool to design energy dense, deterministic electrode
architectures by creating a series of feeé a n dMo®sfCNTUfoam electrodes whose areal and

volumetric performance scale linearly with mass loading. The next engineering problem is to
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improve upon electrodeposition or other design protocols that may produce high mass loading
electrodes of commercially relevantibin materials without increasing ion diffusion distances to

the point of encountering mass transport limitations in therelgtz.
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CHAPTER 3
Competition Between Dissolution vs. lon Exchange During Low Temperature Synthesis of

LiCoO» on Carbon Scaffolds

3.0 Preface
This work is being prepared for submission to a yeeiewed journal. Seongbdkoon
and Hannah Teeters assisted with electrodeposition and hydrothermal treatment experiments.

Seongbak Moon and Dr. Veronica Augustyn collaborated on narrative development and revision.

3.1 Introduction

By 2030, energy storage for transportation applications is projected to account for most
(4.3 TWh) of the 4.7 TWh total demand for-ibin batteries. This dramatic increase in energy
storage demand for transportation provides an opportunity and a need for rechargeable batteries
that not only provide maximum utilization of the active materials but also provide
multifunctionality. At the battery electredevel, controlling ion and electron transport pathways
in electrode architectures via deterministic design could enable new electrode geometries for
energy and power dense applications. One method to develop such electrodes is through the use
of porous arrent collectors. These provide high surface areas for active material deposition and
electrolyte infiltration and can be muftinctional, offering mechanical strength and structural
reinforcement. Porous carbon scaffolds are particularly attractivetadtiee abundance and
lightweight nature of carbdH'*° A critical challenge in utilizing porous carbon scaffolds for Li
ion batteries is the deposition of commerciayevant lithiated transition metal oxide cathode
material. As of 2024, over half of the market forikin cathode materials comes from intdation

based layered lithiated transition metal oxides such as LiGoIINi13Mn13C01/302. These oxide
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materials are synthesized using sdfdte methods at temperatures > 700°C in air or oxyighn
atmosphere$ Porous carbon scaffolds are only stable only up to ~450°C in air, making the high
temperature processing of porous carbon scaffolds coated with lithiated metal oxides impossible

in ambientenvironment$! To circumvent this issue, Zhang ef4altilized a molten salt route to

el ectroplate | ithiated cathode materials onto
However, the required oxygdree atmosphere can be an impediment to scaling up manufacturing.
Furthermore, the morphology tife cathode material deposit is different on each scaffold tested,
making it difficult to control or predict the resulting electrode architecture across scales.

To utilize carbon scaffolds in deterministic electrode designs, we must develop novel
manufacturing methods for integrating electrochemically active cathode materials into electrode
architectures. Our previous work showed that electrodeposition of 3MatO ambient
temperatures/pressures in agueous solutions can be useful for fabricating electrode architectures
with tunable mass loading and energy storage perfornfarilectrodeposition is a scalable
method of obtaining metal oxides with direct adhesion onto a conductive subsfrate
scalability, cost, and manufacturability, the ideal electrodeposition method -fon lbattery
materials would be performed from an aqueous electrolyte. This is challenging for interealation
based cathode materials that require high synthetic terapesabecause synthesis of the active
material must occur at temperatures within the stability range of the carbon scaffold while still
producing the layered phase that is kinetically favorable fodiffusion. In the case of LiCo©O
(LCO) the layered polymorptRem) typically requires high e mper ature (>700¢C)
is termed HTLCO accordingly, while the spinel polymorpkdom) termed LFLCO can be

formed at temperatures as low 29 €4®°.The challenge lies in synthesizing phasee HT
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LCO onto conductive carbon scaffolds at I
interchangeably with layered or HICO, and note LILCO as spinel LCO such where applicable.

Previous studies have combined electrodeposition and hydrothermal treatment methods to
produce LCO conformally coating 3D carbon scaffdffd.CO can be obtained from cobalt
hydroxide using hydrothermal methods at < 200°C. Amatucci et al. and Larcher et al. showed the
synthesis of LCO powders via cationic exchange of CoOOH in an aqueous LiOH stitstfén.

The hypothesis was that the elevated pressure of the hydrothermal method lowers the synthesis
temperature for LCO. Over the following decades, a wide variety of reaction conditions, solvents,
oxidizing agents, and cobalt precursors were employed in ingtroal reactions to produce LCO
powders or films with varying morphologies and layered phase p &5 Xia et al. utilized

this understanding to develop a combined electrodepositidrothermal method route for LCO

onto a carbon cloth scaffold at 380°C. They probed the influence of hydrothermal temperature on
the resulting morphology, citing a competmgchanism of dissolution versus iorsertion. Their
findings suggested that an interconnected nanoflake morphology could be desirable for 3D
electrode architectures. There remain open questions on the influence of other hydrothermal
parameters beyond temature on the resulting LCO morphology, and the applicability of this
method to other conductive substrates.

In this work, we built upon the aqueous electrodeposhigirothermal method to
synthesize LCO onto a range of commercially available conductive carbon scaffolds at less than
300°C*°. The possibility for low temperature synthesis of LCO suitable for carbon scaffolds is
driven by the structural similarity of layered cobalt oxyhydroxide (CoOOH) and LCO phases
(Figure 3.1). We hypothesized that under sufficiently oxidizing conditions, electrodeposited

cobalt hydroxide Co(OH)n a carbon scaffold could be exchanged withtd.iyield LCO. Cobalt
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hydroxide has two polymorphs with -Co{OHfmay ent i r
host intercalated water and/or anions EN@I) w hG@(Okl)acentainés CeOH edge

sharing octahedral units stacked compactly such that there are no guest molecules in the
interlayer’®® -Co(OHp t r a n s f eQo(@Hs)k under highly alkaline conditions as interlayer
molecules are expelled from the interlayer and theOEoslabs collaps€® b-Co(OHY can be

further oxidized to CoOOH, which is isostructural with layered LCO (Boti).

a-Co(OH), B-Co(OH), CoOOH HT-LiCoO,

...0 ﬂﬂﬁﬁ' e b

I—wa Co O H H,O, anions

Figure 331 Schemati cs of t he crystah d-GofH)Y),csoblid r e s o]

intermediate (CoOOH), and product (LCO).

Hydrothermal treatment can be used to provide oxidizing conditions necessary for ion
exchange at low temperatures. A schematic of the full electrodepdsytiivathermal process
studied is shown ifrigure 3.2. Our motivation was to understand the influence of the Co{OH)
precursor, the hydrothermal conditions, and the conductive carbon surfaces on the LCO properties
and el ectrochemical behavior. We stamnhddbby u
Co(OH) powders and electrodeposits in concentrated Li salt solutions, and the propensity for ion
exchange between*th the bulk and Liin solution. We gradually added various driving forces
t o our anal ysi s (el ectrochemical, ther modyna

synthesis conditions necessary to create nanoflake LCO that could be widely applied for different
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porous carbon scaffolds. We observed a competition between a dissodatipstallization and
ion-exchange reaction, and outlined the influence of each hydrothermal parameter on the reaction
mechanism. We revealed that while temperature and synthestoduwan modulate particle
size/thickness and in some cases prompt dissolution, the internal hydrothermal vessel pressure
(controlled by the proportion of vessel vol unm
the concentration of LIOH are the masiportant variables in determining the dominant reaction

at play between icexchange and dissolution. We present reaction schemes for both mechanisms
with intermediate reactions validated by control experiments. Finally, we demonstrate how to
apply the on-exchange synthesis method to create nanoflake LCO on a wide variety of carbon
scaffolds. The result is an array of fig@nding, 3D Liion cathode architectures made using only

3 feedstock materials (cobalt (I) nitrate, lithium hydroxide, carbon adiffand water at

temperatures <300° C and without additional oxidizing, chelating, or dispersing gents.
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Figure 3.2.Schematic representation of the electrodeposhimirothermal process studied in this
work. Cathodic electrodeposition from an aqueous cobalt nitrate solution crystallizes nanoflake
Co(OHY onto a carbon scaffold, and hydrothermal treatment in a concentrated LiOH solution
forms LCO through HLi* exchangeOf the variables explored, hydrothermal pressure and LiOH

concentration are the most significant determinants of the resulting LCO morphology.

3.2 Experimental Methods
3.2.1 Co(OHY/LIOH titration

We madea series of solutions witharied molar ratios of [iCo?** presented iTable A.L
LiOH (Thermo Scientific Chemicals, anhydrous, 98% pure) was added to each vial in quantities
described inTable Al along with 10 mL of deionized 2@. LiOH was dissolved via magnetic
stirring, and the pH of each solutismasmeasured using a pH probe (Metlesledo FiveEasy).
After the initial pH measurement, 40 mg of Co(@H}hermo Scientific Chemicals, 99.9%ere
added to each vial and the vials were left to stir at 1000 rpm for 7 days at room tem@erature
an additional 7 days at 60°@e took pH measuremerdfier the time intervals listefable 3.1

below.
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Table 3.1 Time intervals for pH measurement of LiOH solutions

Time of pH measurement (days) Description
0 Before Co(OH) addition
7 after stirring at room temperature
14 after stirring at 60°C

We used UWVis spectroscopy (Ocean Insight, OCEANHDX Miniature Spectrometer with
a Quantum Northwest gqpod 3 stage) to characterize the powders and supernatant in each via. To
collect the samples for analysis, the vials were left on the benchtop for 3 days sucrstiatsall
settled at the bottom of the vial. The supernatant was extracted from the top of each vial and
transferred to a quartz cuvette (Perkin EImer, 10 mm). To repeat the measurement for the powders,
the solutions were shaken and samples diluted by addmglrop of powder to deionized water.
The spectra were collected from samples containing ~200 pL of powder solution from each vial

added to 3 mL of deionized water in a quartz cuvette.

3.2.2 Carbon scaffold preparation & electrochemical surface area determination

The carbon scaffolds listed Fable 3.2were cut into 2 x 1 chrectangles and plasma
cleaned before electrodeposition (Harrick Plasma BRG). The plasma intensity and duration
varied depending on the scaffold. Carbon nanotube foam electrodes were plasma cleaned for 3

minutes on low intensity, and all other scaffoldere cleaned for 5 minutes on high intensity.

The electrochemical surface area (ECSA) of each carbon scaffold was determined from
cyclic voltammetry. The electrochemical cell was contained in a 25 mL-tle@e glass round
bottom flask. The working electrode was a ~1 ¢geometric area) piece of the plasoieaned

carbon scaffold, the counter electrode was a Pt coil (BioLogic), and the reference electrode was
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Ag/AgCl in saturated KCI (Pine). The electrolyte was 1 M3@ (SigmaAldrich, >99%) in
deionized water. Cyclic voltammetry (CV) was performed betwe@i® &/ vs. Ag/AgCl for three
cycles from 10- 100 mV/s using a potentiostat (Biologic MPG). For each carbon scaffold, the
double layer capacitanceddwvas calculated from the second cycle at 20 mV/s in a 200 mV stretch
of the voltammogram where the current signal was purely capacitive-(geree A.1 for an
example). The ECSA was then calculated from assuming a s@af@eaenormalized capacitance

of 40 puF/cnt for carbon:

06 'Y = — (3.1)

where Gis the specific double layer capacitance (assumed to be 40 {RiethGi is the
measured capacitant€.The ECSA was normalized by the mass of the carbon scaffold to yield

the specific surface area.
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Table 3.2.Carbon scaffolds and estimated electrochemical surface areas used to scale applied
current during -Co(OH} electrodeposition.

Electrochemical Electrodeposition

Scaffold Type Surface Area (flg)  Current (mA)

CFOAM25 CarborFoam 0.055 -2.00
Duocel RVC 1CPPI 0.069 -2.54
CFOAM35 HTC Graphite 0.079 -2.89
Foam
Duocel RVC 3(PPI 0.099 -3.61
Duocel RVC 6(PPI 0.21 -r.74
Fuel Cell Earth AvCarb
MGL190 CarborPaper 0.55 -20.00
Duocel RVC 10(PPI 0.60 -21.94
Fiber Materials, Inc. Carbon 14 5163
Felt
CNT Foany3112 4.0 -144.99

3. 2.3 EI ect r-Ga@Hp onsarkon scaffolds f U

After the carbon scaffold was prepared according to the description above, a metal foil
current collector was wrapped around one end of the scaffold. Either stainless steel foil or nickel
tape was used, depending on freility of the scaffold. Stainless steel foil was sufficient for
carbon paper, but nickel tape was required for more complex carbon scaffolds. The
electrodeposition procedure was adapted from Yan’ét Bhe electrochemical cell consisted of
a 25mL threeneck glass rounfiottom flask containing ~25 mL of 0.1 M Co(N@(Millipore

Sigma, 98+%) in deionized water. A 1 tpiece of each carbon scaffold served as the working
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electrode, Pt coil as the counter electrode, and Ag/AgCl in saturated KCl as the reference electrode.
Chronopotenti omet r-@o(Qtpaan the sabeh sdaftold waeking edectrioded)

The electrodeposition procedure was optimized on carbon paper, and consisted of 3 minutes of
20 mA, 30 seconds of rest at oparcuit potential, and another 3 minutes-80 mA applied

current. This protocol pduced mass loadings of -42g/cnt U-Co(OHY on carbon paper. For
electrodeposition on other carbon scaffolds, the same protocol was repeated but with the applied
current density of20 mA/cnt scaled to the experimentally obtained electrochemical surface area
values shown iffable 3.2.

After electrodeposition, the electrode was rinsed thoroughly with deionized water and left
to dry for at least two hours before hydrothermal treatment to convert the hydroxide to LCO. For
the thick scaffolds with smaller pores (carbon felt, CNT foam) lbetredes were soaked in 100
mL of deionized water for an hour to completely remove the electrodeposition solution, and dried
in a 60eC oven for at | east two hour s.

3. 2. 4 P rCo(EHpon qarhpon paper

To pr eQo@®Hw0 Nb carbon paper , -Co(@Hr onechrlegoc papeo d e p o s
was soaked in 5 mL of 6 M KOH (Fisher Chemical) in deionized water for 12 hours at room
temperature and pressure. After soaking, the electrode was soaked in 1000 mL of deionized water
for several hours, checking the pH using a pH probet(@teloledo FiveEasy) every few hours
and replacing the deionized water bath until the pH was neutral. After removing the electrode from
the water bath, it was vigorously rinsed with deionized water and dried on a Kimwipe for 1 hour

before transferringta vacuum oven to dry for 12 hours at
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3.2.5 Synthesis of LCO

A hydrothermal reaction was used to convert the electrodeposited cobalt hydroxide on
carbon scaffolds to LCO on carbon scaffolds. A 45 mL Teliloed acid digestion vessel (Parr
Instrument Company) was used for all hydrothermal treatments. The hydooetdel carbon
scaffolds were added to the Teflon vessel along with a solution of LIOH (Thermo Scientific, 98%)
in deionized water. The electrodeposited portion of the scaffold was completely submerged in the
solution. The vessel was sealed and placed engeraturecontrolled oven (Baxter Constant
Temperature Oven Di§ 3 ) . We tested the influence of pre
140eC and 200e¢eC, durations of 15 hours and 12
H20, and solution volumes of 5 and 36 mL (denoted as 11% and 80% vessel fill, respectively) on
the morphology and electrochemistry of LCO formed directly on carbon paper. The exact
parameters employed in each iteration of the experiment are specified héhdega is presented
in the discussion below.

After the hydrothermal treatment, the vessel was removed from the oven and left to cool
to room temperature for 2 hours in a closed fume hood. Once cooled, the electrodes were extracted
from the vessel and soaked in 1000 mL of deionized water for 12 Atersleionized water was
replaced as many times as necessary until the solution was pH neutral. The electrodes were
removed from the water bath and dried for 1 h
hours in air. Finally, all hydrothermallytread car bon paper el ectrodes

8 hours in air in a box furnace (Thermo Scientific Lindberg Blue M).

3.2.6 Physical Characterization
X-ray diffraction (XRD) was used to characterize the electrodeposited cobalt hydroxide on

carbon paper, using either a-rap Bifiactorgeter irc thd Empy
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standard Brag@rentano geometry with G U ( & Afradiatioi All XRD data shown in the
main text was taken using the PANalytical Empyrean diffractometer, and the instrument used to
collect data showin the Supplementary Information is specified where presented in text. The
electrode morphology was assessed using-tegblution scanning electron microscopy (Field
Emission FEI Verios 460L or Hitachi SU8700.able S2shows which images were collected
with each of the microscopes.
3.2.7 Electrochemical Characterization

Electrochemical characterization was performed in both flooded-éheetrode cells and

twoel ectrode coin cell s. Any el ectrodes that

V

vacuum oven for 12 hours at 60m@HOentd @rTlee tr ans

threeelectrodeelectrochemical cells consisted of a 25 mL thmeek round bottom flask with the
deposited carbon scaffold as the working electrode, and 3%Liometal reference and counter
electrodes. The electrolyte was 25 mL of 1 M Li€l@igma Aldrich, 99.99%) in propylene
carbonate (PC; Sigma Aldrich, anhydrous, 99.7%). Cyclic voltammetry (CV) at 0.1 mV/s for ten
cycles was performed using a potentiostat (Biologic VMP). After cycling, the electrodes were
rinsed thoroughly with dimethydarbonate (DMC; Thermo Scientific, 99%) and left to dry on a
Kimwipe overnight inside the glovebox. After the electrodes were completely dry, they were
removed from the glovebox for further characterization.

The coin cells consisted of LCO deposited on carbon paper as the cathodes and Li metal
as the anodes. After vacuum drying, 1 cm diameter electrodes were punched from the carbon paper
with deposited LCO. These electrodes were assembled into 2032 coiim eefiiovebox with <
1 ppm HO and Q. The coin cells also consisted of a Li metal chip (TMAX, battery grade) as the

anode, a glass fiber separator (Whatman), a stainless steel 316 spring (MT]I), two stainless steel
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316 spacers (MTI, 0.5 mm) and 200 pL of 1 M LiGI@ PC electrolyte. The cells were crimped
with 0.8 Torr of pressure using a digital pressure controlled electric crimper (MTI; MSK).
Excess electrolyte was wiped away with a Digliaked Kimwipe and the cell was removed from
the glovebox. Outside of ¢hglovebox, the electrodes were wiped once again with an ethanol
soaked Kimwipe and cycled on a Biologic VMP potentiostat using cyclic voltammetry with a scan
rate of 0.1 mV/s.
3.3 Discussion
3.3.1 Aqueous chemistry of Co(Qlt) alkaline solutions

The low temperature synthesis method involves hydrothermal treatment of Ga(OH)
concentrated LiOH solution at elevated temperatures. We conducted a titration experiment to
under st and t h@o(QHpwitkdiffarent conoemtgationsfof affueous LiOH solutions.
We added a tCo(Oldppoweher tv aquenus sokutions of LiIOH@ure 3.29. As the
concentration of LIOH changed, so did the mol ratio 6f@d**. The LiOH concentrations and
corresponding mol [ICo?* of each vial are shown ifiable A.1. The black curve ifrigure 3.3a
shows the pH of the aqueo-CqOHITI@IHH incoedsadirapidyn s pr i
for low LiOH concentrations, such that by 0.0215 M LiOH or 0.5 mbtiQd?* the pH reached 12
and plateaued for higher LiIOH concentrations. Upon addition of Ce(tokf)e LIOH solutions,
there were no immediate chang€&sg(re A.2, Day 1). After seven days at room temperature,
there was a decrease in the pH of solutions at 0.043M LiOH (1 mblCf*) or less, with
decreases most significant (to below pH ~10) under 0.00215M LiOH (0.05 mol L3%/Riure
33agreen inset, blue curve). After stirring thi
distinct pH regimes corresponding to different colors of powder solutieigsire A.2). We

characterized the oxidation state of dissolved species and powders-X&s dpectroscopy, and
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the structure of the powders via XRD. Below 2 XM LiOH, the pH of the solutions settled
between 8.8.5 after all 14 days of stirring, and the powders turned bEigkife 3.3aandA.2).

In this pH regime, UWis results inFigure 3brevealed no significant concentration of absorbing
species present in the powders nor supernatant. XMyure 3.3cconfirmedthe powder to be

Cao304. The presence of GDs and decrease in pH indicates deprotonation and partial oxidation of
b-Co(OHY in dilute LIOH (between @.0046 mol Li/Co?"). At higher LiOH concentration
(between 0.00168.043 M and 0.028 mol Li/Co?)  t -GOHR powders changed in color

from pink to brown and the pH decreased to -Bl% figure A.2). The powders remained
suspended in the supernatant immediately after stirring, settling completely after three days of rest
without stirring. The XRD p aitCo(@Hywas the hajopty wd e r
constituent. UWis spectrum of the suspended powdé&igire 3.3b showed absorption around

~420 nm, consistent with absorption of aqueou¥ §pecies. Between 0.0010800215M LiOH

or 0.0250.05 mol L{/Cc?*, there was no dissolved €oin the supernatantF{gure 3.3b),

i ndi cat rCo(@H)trdmained rbostly in the solid state. At higher concentrations of
0.0215M0.043M LiOH or 0.51 mol Li*/Co?*, the U\tvis spectra of the supernatant showed"Co
species present in the solution. Pralong et al. reported that in alkaline solutions, £fof@id)

the dicobaltite anion, Co(OkP), which appears blug? The authors reported a solubility limit of

0. 048 mg-Caf@Hyih b M K@H. Therefore, relatively small amounts of Co(@G¥re
present from t he s pQofOH)aAsdhe total Obcorcentoation indreases o f b
in the experiment, the magnitude of the pH decrease after stirring becomes drigller .23

black compared to red). Specifically between 0.0246M 0 4 3 M, we hy@o(@OHpesi z e

partially dissolved in the aqueous LiOH solution to form CoQOH
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For the sample at 0.215M LiOH or 5 moliGo?*, after 14 days of stirring a dark powder
formed with negligible change in pH. The XRD pattern of this powder showdRbthstructure,
similar to HT-LCO (Figure 3.39. However, given the negligible change in pH during stirring, we
hypothesize that both protons in Co(QEpuld not have been expelled into the solution. Instead,
it seems likely that an ieaxchange process occurred with €xchanging for one Halong with
the oxidation of C# to Cc**. We hypothesize that one' h Co(OH) fully exchanged with L
to form a mixed phase of LCO and CoOOH at 5 molQ@a?”.

Since there is no significant pH change observed after 14 days of stirring for any
concentrations above 0.0861M LiOH or 2 mol/Cic®*, we hypothesize that partial imxchange
of one H/Li* began at 2 mol 'iCc?" and continued with higher extents of completion to 0.215M
LiOH or 5 mol Li"/Co?** (Figure 3.23. The kinetics of the ioexchange process are likely

accelerated in higher concentrations of Li
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Figure 3.3Solid acidbase titration op o w d -€a(OHp demonstrating regimes for formation of
Cms04 (green), partial dissolution of Co(OHJorange), and ioexchange of HLi* (red) under
ambient, aqueous conditions) pH curve of samples in varied LiOkbncentrations showing

initial pH (black squares), pH after 7 days of stirring at room temperature (blue circles), and pH
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after 7 additional days bpUV-vis spectrar of Sugernadant arg@l0 e C  (

powder anat) XRD of powder from all vials.

3.3.2 lon exchange of electrodeposited Co(dt)carbon paper

We first electrodeposited Co(OH)nto carbon paper (CP), which served as a model low
surface area conductive scaffold. During the cathodic electrodeposition from an aqueous solution
of cobalt (Il) nitrate, Yan et al. describes the reduction of nitrate anions and water near the scaffold
to increase the local concentration of QFigure A.3).113 Dissolved Cé' reacts with OHand
heterogeneously nucleates onto the carbon scaffold. The electrodeposition yieldegradue
sol id, c h a rCa(©OHefrom XRDdFigares 3.48 with a nanoflake microstructure
(Figures3.2and A.4 . We desi gna-CaH@ER.The mosentense refibationss s U
in the XRD patterns come from the carbon paper scaffotplife A.5), however reflections from
the deposits do not overlap with thG®Hd of th
nanoflakes grew radially outward from the surface to conformally coat the carbon fibers, and were
well-adhered to the scaffolfigure A.4) . To t CaQHICP intor CO@CP at ambient
temperature, we attempted three methods-: (1)
Co(OH@CP followed by ion exchange in 4.4 M LiOH, and (3) electrochemical ion exchange
from a noraqueous Li electrolyte. In the first ion exchange method, the resulting XRD pattern
(Figure 3.4b) shows a mixed phase of CoOOH and LCO, indicating incomplete exchange. There
are two interlayer (003) peaks ~19e¢ swuggestin
cyclic voltammetry to identify the products. Different crystallographic phasdsC& show
distinct electrochemical signatures in a famueous Li electrolyte. LayeredRkom HT-LCO or

spinel Fdom LT-LCO have similar XRD reflections but different cyclic voltammetry features:
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layered LCO has one redox couple betweed.2 V that is reversible ~3.9 V, and spinel has one
reversible couple at ~3.7 V and one irreversible cathodic peak a8-8B\21°>11¢ After the ion
exchangeRigure 3.4ab) t h e C-Co(@Hr@CPrelectrdile soaked in 4.4 M LiOH showed
an oxidation peak at 3.8 V, attributed to Co oxidation afdréiinoval from an octahedral site
(Figure A.6). Upon applying reducing potentials,’ldid not reinsert into the material.

I n t he second ambi ent t empeCaQH@C® met hbo d,
Co(OH@CP prior to the LVH" exchange. Strongly alkaline conditions drive the conversion of
U-Co(OHRt o-Cd§OHY as water and other molecules are expelled fronmnteelayer. Soaking
U-CoOH@CP in 6 M KOH leads to a color change frombjue e en t o br own- char
Co(OH). XRD confirmed this conversiofrigure 3.49 .-CoOHR@CP was then soaked in 4.4
M LiOH to drive the exchange ofHvith Li*. XRD (Figure 3.4d) showed that the product was a
mi xed phase of Co OOBo(@H@CPLHD®ever,the @M of thisreledtrade U
in 1M LiClO4 in PC was different, with an oxidation peak corresponding t@drmoval from an

octahedral site, and reduction peaks corresponding fadertion and restructuring in tetrahedral

sites to form theFdom structure Figure A.6). These results show that by exposing different
polymorphs of Co(OH)to high concentrations of LiOH under aqueous, ambient conditions, ion

exchange between'tand Li" to form CoOOH is possible, but is kinetically sluggish.
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Figure 3.4a) XRD of electrodeposited-Co(OH) shows predominantly-Co(OH) formed, with

b)

120hin

4.4M
LiOH

q

e

Normalized Intensity

120hin
4.4M
LiOH

CoOOH (R3m)
HT-LiCoO, (R3m)

*

CoOOH (R3m)

*

10 20 30 40 50 60 70
20 ()

someb-Co(OH) impurities.b) When U-Co(OH) was soaked in 4.4M LiOH for 120h,*Hi*

partial exchange occurred to form a mixed phase of CoOOH and t6trong alkaline

conditions of 6M KOH

carbon paperd) Whenb-Co(OH) was soaked in 4.4M LiOH for 120h,"HMi* partial exchange

occurred to form a mixed phase of CoOOH and LCO. C\Signre A.6 depict differences in

f o r-CdlGH)y fromfa)a roeCelfOH ). lore

conyv

CoOOH structureRomvs Fdom) not discernible from XRD patterns. The XRD reference patterns

used -@aGHY" BCo(OHy (CIF 1548810), COOOH (CIF 90098844), HTO Rom

(JCPDS 000500653), LLCO Fdom (JCPDS 010803830).
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Since ion exchange in concentrated LiOH yielded partial exchangé withi Li*, we
investigated whetheglectrochemical desertion of H followed by electrochemical insertion of
Litwoul d yield L-C@QOHr@C Pc yac@afOREDCRin a noraqueous Li
electrolyte (1 M LiClQ in PC). The electrode was first oxidized to remove tHen reduced to
drive Li* insertion. The resulté-{gure 3.58 demonstrate negligible current response (<0.001 mA)

f o ECo(OH»@CP over the course of 4 cycles, indicating node-insertion/Li* insertion.
However , -Co(@Hr®CPsignilady showed oxidation and reduction peaks corresponding
to insertion/deinsertion of Lifrom the spinel Fdm structure oL T-LCO (Figure 3.5a,0range).

The magnitude of the oxidation and reduction peaks increasedyeithg, suggestingncreased
utilization of the electroddzigure 3.5bshowsthees i t u XRD L£a@Hp@CPrafteo f b
cycling in the noraqueous electrolyte, which depicts an almost complete transformation of the
electrode to spinel LCO. From this aRidure 3.4, we 0 b s eCo(Qkr@CR vwas dble fo
electrochemically insert tia n dCo(@HR@CP could not, even wherCGo(OH)2@CP soaked

in LIOH had partial F/Li* exchange. These results suggest that the presence of interlayer

mo | e c u{Ce(@Hinmbited Li* insertion, and prevented electrochemicalde-insertion.
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Figure 3.5. Electrochemical insertion of Linto a) Co(OH) a n dCo@@®H) on carbon paper

in 1M LiCIO4 in PC electrolyte under ambient temperature and presisupe-ray diffraction

pattern of spinel LILCO on car bon

p ap e r-CofObly aneatbonapapere r

Electrodes were cycled in agdectrode configuration.

3.3.3 Combining electrodeposition with hydrothermal synthesis to synthesize layered LCO

In the previous sections, we established the ability for partial oxidation and exchange of

H* with Li* in Co(OH) at room temperature in concentrated LiQid using an electrochemical

method. Previous work showed that-Ldnd HTFLCO can be synthesized by hydrothermally

treating Co(OH) with concentrated agueousOH. However, there has not been a detailed

investigation into the factors influencing the transformation of Cof@t) layered LCO under

Cyc

hydrothermal conditions. Here, we discuss the influence of four hydrothermal synthesis parameters

employed in this study (pressure or vessel fill, LIOH concentration, temperature, and duration of

hydrothermal treatment) on the rdsu synthesis mechanism, morphology, and electrochemistry

of

L

CO f or me d-CofQHp @ carboryscaffalds. e Wdilized cyclic voltammetry to

discern subtle differences in materials structure- {tsI HT-LCO), crystallinity, and morphology
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by analyzing features such as peak shape, position, coulombic efficiency (CE), and peak separation
(V). In this work, all carbon paper electrodes were calcined at 300°C in air for 8h after the
hydrothermal treatment.

Xia et al. reported a threstep electrodeposition, hydrothermal synthesis, and heat
treat ment of L CO o n -Co(@HpmanaoflakesltamlCO® nanoflakes atdow e r t (
t emper at uleThe (inBeB@gettéd. nanoflake morphology was desirable to retain
precursor mass on the carbon cloth scaffold in the absence of polymer binder. Here, we began by
treating the -Go(Or@CP eldctque with simildr hydrothermal conditions
(80% reactor fi111, 2 M Li OH, 15 hours at 200e
hydr ot her mal -GofOH) rramofiakes fransfolmeintoUh dense agglomeration of
nanoparticles on carbon paper as showirigures 3.6ab. The stark change in morphology
suggests a dissolutienecrystallization reaction took place during hydrothermal treatment. CV of
this electrode in 1 M LiCl@in PC exhibited a sharp redox couple at ~3.9 V with a narrow peak
separation of 40 mVHigure 3.69, characteristic of layered LCO. These peaks correspond to
coupled Li/e transfer from/to the material during the anodic/cathodic cycles. The sharpness and
small hysteresis of the peaks indicate little dispersion in the site energies and good reversibility,
which are indicative of a wetlrystallized LCO material. The nanoteaicrostructure allows for
shorter electron transport and’lsolid-state diffusion distances, which should facilitate fast
kinetics. However, the current diminished rapidly upon cycling, as demonstrated by the low first
cycle CE of 50%. We hypothesize that this decline in signal comes from detachment of the
nanopaticles to the carbon paper matrix, leading to progressively decreased active material

utilization with cycle number.
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Figure 3.6 Influence of changing reactor fill (pressure) and LiOH concentration during

hydr ot her mal

t r eat m@o(OH)Y oo tarbenlpaperttor poodueepLE@. iISEM d U

images and cyclic voltammograms of electrodes made using variable hydrothermal parameters of

ac) 80% fill of 2M LiOH, df) 11% fill of 2M LIOH, and gi) 11% fill of 4.4M LiOH. The

hydrothermal temperature and duratmri

treat ment

respectively. All electrodes were cycled in 2032 coin cells.

were kept

const e

The thermodynamic driving forces we applied during the synthesis of nanoparticle LCO

were harsh enough tor e a k

down

tClo(®@Hpmaneflake matrix. \We becreased the

pressure in the hydrothermal vessel by decreasing vessel fill from 80% to 11% and repeated the
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hydrothermal synthesis with all else held equal. Under these conditions, the synthesis yielded two
distinct morphologiesHigures 3.6de). irregularly shaped micron size particles surrounded by
nanoscale (< 50 nm), roughly spherical particles. The cyclic voltammetry of an electrode made
from these particles is shown kigure 3.6f The first cycle CE was higher (66%) than with the
electrode made from particles from the high fill volume (50%) synthesis. This suggests that while
the low fill volume synthesis yielded particles better adhered to the carbon paper, cycling stability
wasstill a problem. The first cycle CV displays two sets of redox couples: at ~3.9V and at ~4.1V
and ~4.2V that correspond to*Lordering to form a superstructure in LGB.Narrow peak
separation implies fast electrochemical kinetics of the active material as describigaifer3.6¢
and we attribute this CV contribution to the nanoparticleSigure 3.6de. Upon cycling, the
1/ 16 peak separation and width increased, ano
became less defined and eventually disappeared. This indicated a shift from an electrode with fast
ion insertion kinetics and structural hogeneity of the Liactive sites in the solid toward an
electrode with sluggish diffusion and poor utilization of the active material. Assuningf®.5
x 101 cn?/s and linear diffusion with a potentimidependent scan rate, the estimatédiifiusion
distance in LCO is ~0.13 uft? Given that there were micresized particles in the electrode,
evidence of sluggish solistate diffusion in the CV is unsurprising.

Next, we maintained the lower fill volume while increasing the concentration of LiOH to
4.4 M. This synthesis yielded LCO with an interconnected nanoflake maiguré 3.6gh). In
the corresponding CVF{gure 3.6i), this electrode had a higher first cycle CE (71%) than the
electrodes from the other two syntheses, despi

(130 mV). The improved CE and cycling stabilgyggesthat the adhesion of the LCO to the
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carbon paper was better. As a result, hydrothermal conditions yielding LCO nanoflakes resulted
in the most favorable morphology for carbon papased electrodes.

The pressure and LIOH concentration in the hydrothermal vessel significantly influence
the morphology and electrochemical behavior of LCO@CP electrodes. Given the two types of
microstructures, we hypothesize that there are two different reaction mechpossitde for the
formation of LCO@CP -GofOby@CR.Firstave consitier the rmnotiaked U
morphology of LCO@CP formed under low pressure and high LiOH concentration. Since this is
similar to t heCoMHe@Ce sve hypathesire that tbeke cahditions favor an
ion-exchange mechanism: proton and electron transfer reactions took pladae asltd Co(OH)
exchanged for L'ifrom solution while C&" oxidized to Cé&' resulting in the formation of LCO.

Under the absence of hydr ot he-CatGHyoncasbordpaperi on s ,
was left soaking in 4.4M LiOH on the benchtop we observed the exchange of foxd.H from

solution validated by XRD irrigure 3.4b. During the titration experiment iRigure 3.3 we
observed the same'Hli*ex change i n the XRD patt-€@Hpof con
stirred in an aqueous solution of concentration 0.215M LiOH or 5 niteldd".

Hydrothermal reaction at high pressures and/or low LiOH concentrations leads to
nanoparticle formati on t ha tCo(OHp@&R preciesordundef er e nt
these conditions, we hypothesi ze-Cd®Hrandtehe mec
deposition of LCO. The titration experimemtigure 3.3) confirmed the dissolution of Co(OH)
in dilute LIOH (0.02150.043 M LiOH, or 0.51 mol Li*/Cc?*). Under hydrothermal conditions,
we then propose that the soluble CoO@4cts with Lito form LCO. The nanoflake morphology
of LCO formed via the proposed ion exchange mechanism is favorable for coating porous

conductive scaffolds such as carbon paper. Consequently, the next experiments investigated the
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influence of the hydrothermal treatment time (15 to 120 h) and temperature (140 C) while holding
the pressure (11% reactor fill) and solution concentration (4.4 M LiOH) conbigate 3.6gi
shows the CV and microstructure of the LCO@CP electrode produced from a 15h of hydrothermal
reaction whereaBigure 3.7ashows the corresponding results for an electrode produced from the
120h hydrothermal treatment. The shorter timescale yielded exclusively nanoflake morphology,
while longer hydrothermal treatment led to a mixed microstructure containing both nanofldkes an
nanoparticles. This suggests that longer hydrothermal treatment leads to partial dissolution.
Decreasing the hydrother mal temperature to 1:
formation of nanofl akes that (Figuree3.7d Vs Figureer t h e
3.79. This finding confirms that the hydrothermal temperature could be used to modulate LCO
nanoflake thickness, as suggested by Xia et al.

Finally, we considered the influence of the Co(@pf)ase on the hydrothermal treatment
by performing s yQoOHDE® s «Qu(OWp@CR ds pracarsors.(The SEM
images of products from both synthes€sg(re 3.7c, @ show no significant difference in
mor phol ogy bet ween t hCo(OHrewlvteir«€gogOH) @ @IKAING I n c e
environment s, it is likely that the conversio

the hydrothermal vessel, which bypasses the need for an additional processing step.
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Figure 3.7 Influence of hydrothermal temperature and Co(&igcursor phase on the synthesis

of HT-LCO2@CP. SEM images and cyclic voltammograms of hydrothermal syntheses performed
usinga-b) UCo(OHp@CP at 2 0-Ca)ldHr@CP at 1 40 ECOHACH at
140e¢ecC. The vessel fill, Li OH concentration,

LiOH, and 120h, respectively. These electrodes were cycling-elec&ode configuration.

3.3.4 Toward deterministic electrode architectures for lithiombatteries
Thus far we established that freanding, bindefree porous carbon paper electrodes

featuring LCO with a nanoflake morphology exhibit superior electrochemical performance (CE
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and capacity retention) compared to the electrodes with a nanoparticle morphology. Within the
synthetic space that produced nanoflakes, we observed patterns correlating hydrothermal treatment
temperature and duration to preferential electrode performataleling the hydrothermal
parameters that enable the 4exchange mechanism and resulting nanoflake morphology as
constants (11% vessel fill and 4.4M LiOHBRigure 3.8adepicts the cathodic capacity retention

over 10 CV cycles as a function of hydrothermal treatment temperature and duration. Comparing

the black curve to the blue curvekigure 3.8ashows that the electrode produced under 120h at

2 0 0 ¢iGure(3.79 starts with a cathodic capacity close to theoretical for LCO (140 mAh/g
denoted by the horizontal dashed lin€igure 3.8). This electrode retains more capacity at every
cycle compared to the electrode that under went
of 120h, the el ectrode produced at 200eC exhi
electrode ama de at 140eC during t"eyele thei perorimanceygapl e , b
narrowed such that the 200eC el ectrode was on
el ectrodesd cathodic capacity Figue At hbutote per si
electrode produced at 200°C for 120h exhibited slightly superior performance despite mild
dissolution triggered by the longer synthesis duration. All electrodes show a slight improvement

in CE during cycling, with the higher CEs for those systhed at 120hKigure 3.8b). Despite

the different hydrothermal treatment temperatures and durations, all samples experienced a
capacity decline relative to the theoretical capacity within the first 10 cycles. Comparing pristine

and exsitu SEM after CV cycling revealed that fortbdl5h and 120h treatments, some LCO
nanoflakes detached from the nanoflake matrix during CV cychkigufe A.8 and A.9. These

detached nanoflakes formed agglomerates and relocated to the surface of the existing nanoflake

matrix, distancing themselves from the carbon paper and electronic percolation network in the

78



electrode. Furthermore, we observed a difference in the continuity and adhesion of the LCO
nanoflake matrix to the carbon paper when the hydrothermal treatment length increased from 15h
to 120h.Figure A.8 shows that for the 15h case, the nanoflake matrix remained fully covering the
carbon paper scaffold in both pristine and cycled electrodes. The detached nanoflakes were
decorated on the matrix's surface and did not protrude out from the ele€ignde. A.9 shows

that for the 120h case, the nanoflake matrix did not form a continuous coating on the carbon paper
scaffold, with patches of carbon paper visible in the low magnification im&ggsé¢ A.9a and

b). The higher magnification images kgure A.9c and dreveal that there were small gaps
between the nanoflakes and carbon fiber where portions of the matrix were interconnected with
itself but not contacting the scaffold. This detachment of the nanoflake matrix from the scaffold
was even more pronounced aftycling, and compared to the electrode hydrothermally treated

for 15h there were more nanoflake agglomerates decorating the surface of the matrix and stacking
on top of one another to protrude far ftrom t h
and nanoflake matrix detachment from the carbon paper both would result in disruptions to the
el ectrodebdbs electronic percolation network ant
Furthermore, for lower mass loadings (<1 mglcm o f e | e ¢ tCo(Olpewe olssérnece d U
densification of mass during the hydrothermal treatment which resulted in a patchy film that did
not completely coat the carbon paper, as discussed furtheFigithe A.10. These electrodes
lacking an interconnected LCO film also experienced mass loss during cycling. Further work
optimizing this method for low surface area and aspect ratio scaffolds such as carbon paper should
focusont ai | ori ng t he &aCoOMprmecessafy tofgormeacstabiesaating i LCO

on the electrodeposited scaffolds. We also recommend exploration of methods to adhere the LCO
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to the carbon scaffold such as through-gyethesis scaffold functionalization or treatment (i.e.

roughening) or postynthesis conductive polymer coatings.
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Figure 3.8a) Cycling stability andb) coulombic efficiency of LCO@CP electrodes made using
variable hydrothermal treatment temperature and duration while pressure and LiIOH concentration
remained constant (11% vessel fill and 4.4M LiOH.) All electrodes were tested-éheat®de
configuration. The dashed horizontal line indicates the theoretical specific capacity of LCO. The
120h treatment at 200°C produces an electrode withthearetical cathodic capacity during the

first cycle, and superior capacity retention over electrodes produdd®«@ for 120h or 200°C

for 15h.

Another potential avenue for performance improvement of the architectures could come
from experimenting with the calcination procedure following hydrothermal treatment. In this
work, all LCO@CP electrodes were calcined at 300°C in air for 8h after thethgdnal
treatment. This calcination step was not necessary to synthesizeppihasayered LCO, as both

pristine and calcined electrodes index well to the layered LCO structure and show sharp (003) and
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(104) peaks in XRD indicating high crystallinifFigure A.11). However, calcined electrodes
exhibited slightly improved cathodic capacity retention and coulombic efficiency over pristine
electrodes.

An important consideration for the viability of hydrothermal methods is the overall energy
consumption relative to solistate synthesis of cathode materials. While the electrodepesition
hydrothermal method is a batch procassvhich many electrodes can be made simultaneously,
further work is necessary &ssess if the decrease in LCO synthesis temperature equates to energy
savings in the overall manufacturing process on an@ss basis. Sonanergy calculations of Li
and Na ion materials synthedmave shown that althouglsolvothermalprocesses occur at
substantially lower temperatures, the energy reqaaede comparable or larghan what would
be required to synthesize materifatsm thesolid-state'?? 122|n the method outlined herenergy
intensive steps includevater splitting to produce OHlriving the chemical precipitation of
Co(OHY} during electrodeposition and heating LIOH solution during hydrothermal treatment.
Regardless, in this work we emphasize that pmenary utility of the electrodeposition
hydrothermalmethod is to conformally coat carbon scaffolds that are not stable atstaikd

synthesis temperatures

3.3.5 Versatility of the method with other porous carbon scaffolds
We finally demonstrate the versatility of the combined electrodepositidrothermal
met hod to produce LCO at 200eC on eight other
scaffolds varied in geometry from fodlke to fiberlike microstructures. Téprocessing protocol
consisted of electrodeposititggCo(OH) onto each carbon scaffold and hydrothermal synthesis
in 4.4 M LiOH for 15 hours at 200eC with 11%

300C.-The electrodeposition current was adjusted for each scaffold based on its experimentally
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determined electrochemical surface area (EGSAble 3.2) After electrodeposition, all scaffolds
were compl et edo@HyrmanaftakesIFigureg A.1220). SEM images for four
representative carbon scaffolds coated with LCO are showigure 3.9 Figures A.1220and

A.21 provide the complete microstructural and cyclic voltammetry characterization for the nine
scaffolds. Cyclic voltammetry confirmed the presence of LCO on all nine scaffolds, although with
varying degrees of electrochemical reversibiligygre A.21). We could not reliably connect
electrodes made from the most porous Duocell RVC 10 and 30 ppi scaffolds to an electrochemical
cell as they became too brittle following the hydrothermal treatment. They both appear to be coated
with LCO in SEM imagesKigures A.13 and A.15. The low magnification images in the top row

of Figure 3.9show the bare carbon scaffolds. The ECSA and aspect ratio of the scaffold influenced
the morphology of the LCO, which became more obviously nancfiléevith increasing ECSA

and aspect ratio.
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a) CFOAM25 Foam b) DuocelRVC 60 PPI c) Carbon Felt d) CNT Foam
(0.055 m#g) (0.21 m2g) (1.4 mZg)

(4.0 m%4g)

Figure 3.9SEM images of LCO deposited on four different commercially available porous carbon
scaffolds:a) CFOAM25 foamb) Duocel RVC 60 PPI;) carbon felt, andl) CNT foam. The top
row of low magnification images are of the bare scaffolds. All synthesis involved electrodeposition

of-CdlOHp, hydrothermal treatment in 4.4 M Li OH

The LCO nanoparticles shown on the lower ECSA and aspect ratio scaffolds (CFOAM25
and Duocel RVC 60 ppirespectively) resembled products of a dissolutemrystallization
reaction. However, after the hydrothermal treatment, the LIOH solution was free of particles,
contrary to the dark, cloudy solution in syntheses that followed the dissolution/deposition
mechanism for LCO formation. Therefore we hypothesize thaéxashanged LCO was formed
on the low ECSA scaffolds, however the lower mass loadings resulted in smaller particles not
easily identified as nanoflakes by inspection as described in the discadstagure 3.8 and

Figure A.10.
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3.4. Conclusions

In this work, we developed and characterized a combined electrodepbsiticthermal
method to deposit HL CO f rGo(@H)Wn different porous carbon architectures at low
temperatures (200eC) to preserve the carbon s
o f - alh d Cd§OHY in concentrated LiOH aqueous solutions under ambient conditions. We
demonstrated that'Li*ion-e x c hange i s possible in both bulk
a n d CofOHY under high concentrations of LiOH (>0.215M LiOH or mol/0c?*) . The results
alsoshowedapHandi¢ oncentr ati on r egi meCofObyto Gn@O®H i al di
We also attempted #ii* ion-exchange in a neaqueous Li electrolyte and found that™Hi*
exchange could take place electrochemically but yielded spinel LCO.

We next presented the influence of hydrothermal treatment parameters such as vessel
pressure, LIOH concentration, treatment duration, temperature, and Gqi@ythorph on the
synthesis of freestanding LCO@CP electrodes as a model architecture. By independently varying
synthesis parameters, we were able to illustrate the individual effects of each parameter on the
resulting morphology and electrochemical bebaviThis illuminated the possible synthesis
mechanisms. The hydrothermal vessel pressure (controlled by vessel fill) and LiOH concentration
are both key determinants of the synthesis mechanism: higher pressures (80% vessel fill) and low
LiOH concentrationg < 2 M Li OH) f av oCo(OH) psesucsor,ufdllawednby of t h
recrystallization to form LCO nanoparticles on the scaffold surface. While tHeGIwas wel
crystallized as evidenced by cyclic voltammetry and XRD, electrodes with this morphology did
not exhibit good cycling. We hypothesize ttlva this case, the nanoparticles did adhere well to
each other or the scaffold, leading to severe capacity fade. Under lower pressures (11% vessel fill)

and higher LiOH concentrations (4.4 M LIOH), LCO forms via an ion exchange and oxidation
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mechanism directly on the scaffold. Thi-s proc

Co(OHY precursor, which was interconnected and iadlered to the scaffold. Changing the
duration and temperature of the hydrothermal treatment also modulates the reaction mechanism
(i.e. longer duration promotes partial dissolution) and-fimes the morpholgg (i.e lower
temperature causes thinner nanoflakes). We used this method to deposit nanoflake LCO on nine
different commercial carbon scaffolds with varied surface areas, aspect ratios and porosities
without compromising the integrity of the scaffolds, d&rstrating that the processing conditions

are suitable for a wide range of architectures. Future work to improve this method should focus on
1) strategies to enhance the adhesion of the nanoflake LCO to carbon scaffolds, and 2)
understanding how to engimee t he el ect rrGo@E)pto accommadate far fthe U
densification of material during the i@xchange to produce an ideal coating of LCO with

favorable ion and electron transport properties.
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CHAPTER 4
The Influence of Cobalt Doping on the Electrochemistry of Lithium & Manganese Rich

Materials

4.0 Preface

This work is in preparation for submission to a pestewed journal. Dr. Subhadip
Mallick, Dr. Jiajun Chen, and Dr. Arturo Gutierrez synthesized the precursor materials and
collaborated on experimental design and narrative development. | conductegeximexts
except synchrotron XRD, and wrote the narrative. Dr. Mallick conducteldigteeldrefinement
on synchrotron XRD data. Dr. Venkatesh Kabra and Prof. Partha Mukherjee conducted the
simulation in Section 4.2.7. Dr. Noah Holzapfel, Dr. Veronica Augustyn and Dr. Jason Croy

contributed to revision.

4.1 Introduction

Lithium and manganese rich (LMR) oxides are studied for the electric vehicle market for
their high energy densities and low cost compared to other commercial cathode materials, most of
which utilize cobalt. Despite the high cost, political challenges, sowlal ramifications of
acquiring it, cobalt is still often used as a transition metal (TM) constituent-ionLecathode
materials because it can enhance the structural stability and improve electronic conductivity within
oxides. Mnrich cathode materialsave long been proposed as an alternative to Co amnidhNi
NMCs due to their relative earth abundance, lower cost, and smaller environmental footprint for
production? Some of the most promising Mith cathode materials are those of type
LiasNiaMneCoOowher e a + b + ¢ O 1 because they can
maintained across hundreds of cycles. These LMR oxides are obtained by adding Ni and/or Co to

Li2MnOs. Their structure can be regarded as having nanodomains of mondCln

87



characteristic of 12MinOs, and trigonaRom of the LiMO; structure where M = Ni, Mn, or Co.
Together, these form a composite of the tpeMnOs - (1-x)LiNi 1/aMn13C01302. The excess Li
in the LeMnOs domains reside in octahedral sites within the TM layer to form an d-tiype
honeycomb superstructure. In an electrochemical cell, the oxidation of the material above 4.5 V
(vs. Li/Li*) in the first cycle (charge) activates thaterial for subsequent electrochemical cycling.
The oxidation is initially compensated by the removal of ftom the LiMns-type sites and
el ectron withdrawal primarily from the TM s
withdrawal from oxygen anions (Aanion redoxo),
reduction (discharge), chargempensating Liintercalates to reinstitute LiMrordering below
3.3 V. The Li vacancies formed during the first cycle lead to TM drrigration that is only
partially reversible, leading to structural voltage hysteresis and concomitant voltag&tatie.

Although cobalfree LMRs are being investigated, many LMR chemistries being reported
in literature contain cobalt in some quantity, and some reports highlight it as beneficial or critical
to the material 6s ener gy st eloca girecturgsof thedtichma n c e .
composition 0.512Mn0Os-0.5LICoG: with X-ray absorption spectroscopy (XAS) and found that
Li2MnOs and LiCoQ components existed in separate domains, with TM redox involving only
Co**#*. The LeMnOs regimes became tiand oxygen deficient during cycling. The authors
hypothesized that they served as addurce to replenish theLin the LiCoQ domains during
oxidation. This enabled higher voltage without deleterious structural change. Xiang et al. prepared
a series of Li[Lé.2Nio.2x2MnoexCoJO2 wi t h 0  O¥5 in thése Matediads, Cowas
substituted for equal amounts of #mnd Nf* while the overall Li/TM ratio remained constant
at 1.2. The authors found that increased Co content improved oxygen loss kinetics and increased

reversible capacity when cycled between2.@V. Consequently, increased oxygen loss led to
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severe TM migration and conversion to the splikel phase causing voltage and capacity fade
upon cycling. Assat et alsed synchrotron Xay techniques coupled with electrochemical
measurements to provide evidence of bulk anion redox #NLd.13Mno.54C00.1302 at high and low
voltages'?® This led to the assignment of the potential regimes foY3(#, Ca**4*, and Mn3+4*
redox. Li et al . bui |t 0 n.2Ni A.sMsoaQz GLSIMOW and k by
Li1.2C00.4Mno.402 (LCMO) to decouple the effects of Ni and Co in.tNio.1dMno.54C00.1902.1%7

They proposed that while LCMO did not have TM/Li mixing in thesgsthesized state, during
electrochemical cycling, cobalt facilitated fast anion redox kinetics resulting in more oxygen redox
(and loss). This triggered TM migration and correspondingdg [EM redox. Conversely, the
pristine LNMO exhibited TM/Li mixing in the asynthesized state, but Ni was worse at facilitating
oxygen redox and therefore LNMO had less structural decay (but consequentially less total
capacity) compared to LCMO. The authosuggested that Mich compounds should be
emphasized in future work, with some optimization of Ni and Co contents to harness the beneficial
gualities of Co (in promoting capacity) and Ni (in stabilizing the structure). While this study
provided insightnto the dynamics of cathodes containing Mn/Ni and Mn/Co, it left open questions
about the electrochemical behavior when Mn, Ni, and Co are all present.

Furthermore, there have been several literature reports describing effects such as particle
size, morphology, porosity, bulk strain, structural disorder, and Li vacancy concentration as factors
besides TM composition that had great bearing on the eleetrocal capacity and rate behavior
of LMRs. Jiang et al. 2021 made versions af2Nio.2Mno.6O2 with and without irplane disorder
and found that Li/Mn disorder promoted fast kinetics by creating 3D channels for diffusion
with lower percolation energie$ Gutierrez et al. 2022 studied the rate behavior and impedance

of layeredlayeredspinel LMRNMC oxides as a function of primary particle size to find that
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larger primary particles (with lower surface area) led to slower kinetics and higher imp&dance.
Strehle et al 2022 demonstrated that BET surface area and bulk microstrain were more important
than TM composibtin as predictors of electrochemical behavior from the pristine state by studying
several cobaltontaining and cobaftee compositions of varied internal porosities and
densitiest*® The authors conclude that cobalt did not have an influence on the electrochemical
performance of the LMRs. However, given the egregious impact that other physical parameters
had on the electrochemistry of the materials in this study, the effect of TMoedrap is difficult
to deconvolute.

In this study, we compare the electrochemistry of LMR oxide cathodes that differ in Co
content: a Cdree version with equal amounts of Ni and Mn in the LiMOmain (0% Co), 5%
Co, and 15% Co. As we increased the Co content, we adjusted the Ni and Mn compositions such
that there were roughly equal amounts of each TM in the NMC domain (no more than 1.13 Mn/Ni).
The synthesized materials have similar primary sexbndary particle sizes (~3400 nm and
11-15 pm, respectively), BET surface areas {1.3 nt/g), and Li/TM ratios of 1.3. We
characterized the structure, electrochemical performance, adiffusion kinetics across varying
potential windows to observe differences between LMRs as a function of Co content. We found
that Cocontaining samples saw higher average Ni oxidation states and decreased Ni/Li site mixing
compared to Cdree samples. A€o content increased, for the same extent of activation during
the first charge cycle, the achievable discharge capacities decreased. This decrease came primarily
from differences in lowvoltage capacity below 3.2 V that was limited upon discharge fer Co
containing materials but partially regained during cycling. Despite the eventual increase in low
voltage capacity, the apparent Wiffusivity still declined below 3.2V for Ge@ontaining versus

Co-ffree LMRs. In summary, we observed that Co substitution of <15% Co in thezldbt@ain
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did not increase oxygen redox capacity compared to thisEe€d_MRs when activated to 4.7V.
There are no significant changes between the cycling stability and voltage fade of 0% Co and 5%
Co over the course of 100 cycles; both 0% and 5% Co delivered 2h@mpon final discharge

while 15% Co delivered 197 mAh/g, and the final average discharge voltage of all cathode was
~3.5V. However, differences in the electrochemical kinetics between LMR compositions led to
decreased rate capability with increased Cataxat. This work suggests there was no tangible
benefit to including <15% Co in the LiM@omain in these LMRs on the basis of enhanced anion

redox contributions to overall achievable capacity or rate capability.
4.2 Experimental Methods

4.2.1 Materials Synthesis

All carbonate precursors compositions listedlable 4.1were synthesized using a-co
precipitation method. In eontinuouslystirred tank reactor (CSTR) operating under steadste
conditions, reactants were constantly introduced while products and unreacted materials were
simultaneously extracted, ensuring stable reaction conditions throughout. In contrasiatstmi
co-precipitation was ot under steadgtate conditions and involved the intermittent or singular
addition of certain reactants. This leads to quicker reactions and less generated waste compared to
the CSTR method, making it a more ceffective and efficient choice for processwhere time
is critical or when reactants are costly or scatt&he 0% Co precursor was synthesized via the
CSTR method, whereas the 5% and 15% Co carbonate precursors were synthesized via the semi
batch method.

For this research, each carbonated precursor sample was uniformly synthesized using a 4
liter reactor that features a wateaith jacket for temperature control. Specifically, i 2olution

of transition metal sulfates (TMSYwas mixed in precise ratios. To adjust the pHMsblution
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of sodium carbonate (M@0s) was used as the precipitating agent, while ammonium hydroxide
(NHs (ag.)) acted as the chelating agent. The solutions afadd TMSQ were pumped into the

reactor at specific flow rates. The addition of the®@s solution was automatically controlled

by a pH meter with feedback systems to ensure the correct pH level. The carbonate precursor was
rinsed using distilled water and reaggndde alcohol, followed by drying in a nitrogen atmosphere
within an oven at 110C overnight.

The carbonate precursors were mixedwithli€Ch a 1. 3: 1 rati o and c
air for 20h to produce the LMR oxide cathode materials. The transition metal content of the final
LMRs was determined by inductively coupled plasma mass spectrometiyBLPThe target
LMR composition upon litiation and actual LMR composition from ICP are showed in Table 1
below. All LMR compositions are written in composite notation, and the materials hereafter will

be referred to in text by % Co in the target LMR compositions ffatsie 4.1

Table 4.1. Compositions of the carbonate precursor, targeted, and final rderials(X =

0.3Li2MnQsg).
% Precursor Target LMR Composition LMR Composition from
Co Composition ICP-MS
0 Mno.65Ni0.35C 03 X*0.7LiMn 0.sNi0.s02 X*0.7LiMn o.50Nio.5002

5 Mno.63Ni0.33C00.04C03 X*0.7LiMN 0.4MNi0.4Cm0.0502  X*0.7LiMn 0.49Ni0.45C00.0602
15 Mno.saNi0.30C00.11COs X*0.7LiMno0.4Nio.4aXCm.1502  X*0.7LiMno.45Ni0.40C00.1502

All synthesized oxide materials usedelectrochemical cycling experiments were surface
treated with AI(NQ@)s*H20 using the aqueous, lewe mper at ure (~100eC) pr
Gutierrez et at®> The surface treatment employed with the lithium difluoro(oxalate) borate

(LIDFOB) electrolyte additive described in thH#lectrode Fabricationsection is thought to
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mitigate Mn dissolution from the cathode and corresponding deposition on the anode to improve

capacity retention and minimize impedance rise during electrochemical cycling.

4.2.2 Physical Characterization

The morphology and secondary particle sizes were characterized using a scanning electron
microscope (JEOL NeoScope JE&00PIus scanning electron microscope). Energy dispersive
X-ray spectrometry (EDS) was used to assess the compositional uniformitypairtickes. The
primary particle size was determined using a Hitachi SU8700 Field Emission SEM. Average
primary and secondary particle sizes were measured from scanning electron micrographs using
The specific surface area was determined using a sorptadyzanand BrunaugEmmettTeller

(BET) surface area analysis (Quantachrome autosorb iQ automated gas sorption analyzer).

4.2.3lodometric Titration

A potentiometric iodometric titration technique was adapted from Mesniertetdaduce
the average oxidation state of Ni in the pristine oxide powd&2& mg of sample was dispersed
in 2.5 mL of deionized water and added to a
of aqueous 3 M BSO4 (Certified ACS, Fisher) was added, and the sample was allowed to
completely dissolve. The dissolved transition metal ions are reduced by iodide in solution to form

the analyte according tequations 4.1 and 4.2The analyte was added to a 100 mhegk glass

flask suspended above a magnetic stir plate and equipped with plasma cleaned carbon paper

working (Fuel Cell Earth, AvCarb MGL190), Pt coil counter electrode (BioLogic), and an
Ag/AgCl in saturated KCI (Pinereference electrode to form the electrochemical cell. A 1.5 mM
agueous solution of N&Os (99%, Fisher) was slowly added to the stirring analyte as the open
circuit potential of the analyte was recorded using a potentiostat (BioLogic MPG). Once the

potential change plateaued, defined here as changing less than 1 mV per minute, the tisation wa
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deemed complete. The quantity of titrant consumed, generally betweghr8Q depending on
the oxide stoichiometry, was used in conjunction Vidtiuations 4.3 and 4.1to calculate how
many moles of electrons were produced and used to reduce transition metal ions in the sample.
The average oxidation state of Ni can be calculated if the transition metal stoichiometries and metal
reduction reactions are known.

cO0 ©00 ¢Q 4.7

0Q QoO0Q 4.2

¢"YD O 9 Y0 cO 4.3

4.2.4 Electrodd-abrication

To prepare the cathode laminates, a 1 g slurry was prepared containing 84 wt.% active
material, 8 wt.% carbon black (Timcat45), and 8 wt.% of an 8 wt.% solution of polyvinylidene
fluoride (PVDF) in Xmethyt2-pyrrolidinone (NMP). The components werepdissed in 0.6€.8
mL of NMP and mixed using a Thinky mixer. The slurry was cast onto aluminum foil using a 10
mil doctor blade, and dried at 75°C in an oven in the fume hood for 8 hrs. The laminates were
calendered to 80% of the initial thickness usingling mill. The calendered laminates were dried
under vacuum at 100°C prior to use in cells. The resulting cathode laminates had mass loadings of
~ 6-7 mg/cntand ~ 60 um thickness for all compositions.

The composite cathodes were assembled into 2032 stainless steel coin cells-cek half
configuration against lithium metal in an argilfed glovebox with RO and Q levels < 0.5 ppm.
Gen2 electrolyte (Tomiyama, A49 LIPASTE formulation, 1.2 M L&dRF3:7 wt. mixture of EC
and EMC) with 0.5 wt.% lithium difluoro(oxalate) borate (LIDFOB) was used as the electrolyte

in all cells. All experiments occurred in an oven at 30°C.
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4.2.5 Electrochemical Testing

Hybrid Pulse Power Characterization (HPPC): A modified HPPC protocol shown below
was adapted from Long et al. to assess the cycling stability of the cathode materials under
aggressive cell operating conditioh¥.The theoretical capacity for 1C was taken as 200 mAh/g.

6 hour rest at open circuit voltage

Formation cycles (all with a 3 hour voltage hold at the top of charge or current cutoff (i <=
0.05C))

1 cycle at C/20 between 4i.72.0V

3 cycles at C/5 between 4.2.5V

HPPC preparation cycles (all with a 3 hour voltage hold at the top of charge or current
cutoff (i <= 0.05C))

1 cycle atC/10 between 4.6 2.5V

Charge at C/3to 4.5V

Discharge at 1C to 2.5V

Charge at C/3 to 4.5V, with a 3 hour voltage hold at the top of charge until current cutoff

(i<=0.05C)

HPPC cycles

Discharge at C/3 to extract 0.05C followed by a 1 hr rest

Discharge at 1.5C for 10s, followed by a 40s rest

Charge at 1.5C for 10s, followed by a 40s rest

Discharge at C/3 to 2.5V

Repeat HPPC protocol for 20 pulses, or until 2.5V is reached.

Aging cycles
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18 cycles at C/3 between 2%V, with 3 hour voltage hold at the top of every charge
Repeat HPPC cycles alternating with aging cycles 5 times total.
Rate capability tests

All rate capability tests began with an 8 heoest at open circuit voltage followed by 1
activation cycle and 4 operation cycles at C/10, or 20 mA/g. The potential windows for the
activation and operation cycles varied on a dasease basis as described in the text. Maintaining
a 20 mA/g charge rat the cell was cycled 5 times at each of the following discharge rates: 40
mA/g, 60 mA/g, 80 mA/g, 100 mA/g, 200 mA/g, 400 mA/g, and 20 mA/g.

Galvanostatic intermittent titration technique (GITT)

A GITT protocol adapted fronMletrohm was used to assess the apparendiffusion
coefficient in the cathodéeg® After 8 hours of rest at open circuit potential, the cell underwent one
cycle using alternating pulses of 10 minutes of current at 15 mA/g and 10 minutes of rest. The
potential windows used varied on a cayecase basis as described in the text. Theohg
equation was used to calculate the apparéemdiffusion coefficient using the steadyate voltage
changse(,V)PPE and voltage change duf(V) obined iee cons

experiment:

Where U is the dur at i on misthe nunber ofanolesrMsnt p u |
the molar volume of the electrode in¥mol, and S is the electrode area (in this case taken as the

geometric area in cth
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4.2.6 Synchrotron Xay Diffraction

High resolution synchrotron-Xay diffraction data were collected from the 0% and 5% Co
samples at the Stanford Synchrotron Radiation Lightsource (SSRL) on Experiment Sthtion 2
equipped with a Pilatus 100K area detector and an incident energy of 1PKeder samples
were loaded into 0.8 mm Kapton capillaries and sealed on both ends with clay. To prepare the ex
situ discharged samples, coin cells underwent one cycle between2.J W at 30 °C. After the
electrochemical cycling, the cells were disadsiexh inside an Afilled glove box and the
cathodes were washed with dimethyl carbonate (DMC) followed by drying under vacuum in the
glove box antechamber. The discharged cathode powders were scraped off the Al foil current
collector and loaded into Kaptaapillaries then sealed with clay on both ends for data collection.
The X-ray diffraction data were analyzed using Tlapas Academic V6 software.

The crystallographic structure was determined from the synchrotray diffraction data
Rietveld refinementRigure 4.2). The XRD patterns were refined with the hexagorahRnodel
analogous to the structure of the layered oXitiékhe superstructure peaks corresponding to
honeycomb ordering of EiMne were present with low intensities and were not considered for
structural refinement. The composite notation of the LMR materials was approximated to the
layered notation of Li(LiTM1.x)O2 for structural refinement. The excess Li was modeled as a
disordered arrangement with the TM in the TM layer sitel Miexchange was always considered
to be LiNi?* exchange and the thermal parameters in each site were constrained to be the same

during the refinement.

4.2.7Transmission electron microscopy
High angleannulardark-field (HAADF) imagingand STEM-EDS mappingwas carried

out usinga scanningransmissiorelectronmicroscopeSTEM) (ThermaFisherScientific, Talos
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F200X).The high-resolutionSTEM andTEM observatiorof the particleswerealsoperformedat
the Talos F200X. TEM specimenswere preparedusing Ar* ion milling with an accelerating
voltageof 4 kV followed by anion milling polishingprocesswith anaccelerating/oltageof 0.3
kV.
4.2.8 Full cell simulation

Ne wmamaidse | was utilized for simulating the
for the analysis. The cell configuration consists of a graphite anode and lithium manganese rich
cathodes with 0% Co and 5% Content. The simulations are performed at adi€ between the
voltage range of 2.8M.2V to highlight the difference between the activation cycle (cycle 1) vs
the subsequent cycles (cycle 5). The mesoscale model incorporates the cyclic differences betwee
the key electrochemical properties including the Gtiffusivity data © and Open Circuit

Voltage (OCV) for the activation vs neactivation cycle.
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4.3 Results & Discussion

4.3.1 Structural and physical characterization

To understand the effect of cobalt on the electrochemistry of LMRs, we synthesized three
types of LMR materials that differ in Co cont
determine the effect of TM composition alone, it was necessary toaimagitilar primary and
secondary particle sizes, morphology, lithium concentration, specific surface areas, and
crystallographic structure between different LMR compositiéingure 4.1 shows that all three
LMRs exhibited spherical morphologies and similar primary and secondary particle sizes (~140
170 nm and 115 pm, respectively).The specific surface areas from nitrogen sorption
measurements are also comparable as showiabie 4.2 Lower magnification SEM images
(Figure B.1) show uniformity across morphology and secondary particle sizes within each
composition, and EDS mappirgiowssimilar TM distribution within each secondary particle
(Figure B.2). STEM-EDS of 5% Co also shows elemental ratios of each TM are similar (within
2%) across nine particlegigure B.3). HR-TEM imaging of pristine 5% Co shows regions of
spinel and layered structurthin a particle(Figure B.4). The preliminary Xray diffraction
patterns for all materials show the same reflections characteristic of LMRs with minimal

differences in intensities or peak positiokg(re B.5).
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0% Co 5% Co 15% Co

Figure 4.1. Scanning electron micrographs of 0% (a,d), 5% (b,e), and 15% Co (c,f) powders

depicting similar primary and secondary particle sizes and morphologies for all compositions.

Table 4.2. Specific surface area and average primary particle sizes for 0%, 5%, and 15% Co

materials.
Composition BET Surface Area Avg Primary Particle Avg Secondary
(% Co) (m?/g) Size(nm) Particle Size(um)
0 1.9 155 + 22 15+1
5 2.3 140 + 20 15+2
15 1.9 173 £22 11+2

Rietveld refinements of the synchrotron XRD data with toenRtructural model resulted
in an excellent fitting of the experimental data as observed from the agreement between observed
and calculated plots and fitting parameter3able B.1. The diffraction patterns and the refined
lattice parametenevealed the pristine unit cell volume of 5% Co was 0.05% smaller than for 0%

Co, which is expected as the ionic radii ofC@.55 A) is smaller than Kii(0.69 A)13¢ There
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werenegligible differences in the LiMrsuperstructure reflections shown in the insetBigtire

4.2
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Figure 4.2. XRD patterns (observed) and Rietveld refinement (calculated)-syrdbesized)

0% andb) 5% Co active material powderghe refinements were performed By. Subhadip

Mallick.

TMI/Li* mixing is an inevitable occurrence in pristine LMRs that influences their
electrochemistry. The extent of TM/Lmixing in the pristine LMR is dependent upon the charge
compatibility and ionic radii of the TM. Mixing is typically attributed to?Nwhich are more
similar to Li* in charge and ionic radii than the other TMs2Cand Mrf* are reported to remain
stable inoctahedral sites due to more favorable octahedral site stabilization ed&rglesdegree
of TM/Li* antisite mixing was determined with Rietveld refinement and report€dtle B.1as
Li-Ni exchange. We calculated the extent of Ni/Li mixed for 0% Co as 6.3%, compared to 5.0%

mixed for 5% Co. Since 0% Co had more total Ni than 5% Co, it follows that the extent of Ni/Li

mixed was greater for 0% Co.
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4.3.2 Electrochemistry of cobatbntaining vs. cobaltree LMRs

We performed galvanostatic chardischarge experiments to assess if Co content affected
the reversible capacity and cycling stability of LMR oxides. As showfigare 4.3a all three
materials achieved the same charge capacity (295 mAh/g) during the first cycle activation. The
plateaus above 4.5 V were similar in total charge, suggesting similar contributions from the
oxidation of oxygen anions. The concentration of w@cancies formed during charging was
therefore also the same, regardless of Co concentration. As Co content increased, the discharge
capacity decreased, resulting in lower coulombic efficiendiablé 4.3). This trend persisted over
the course of cycling, as 0% Co retained the highest discharge capacity for the first 50 cycles
(Figure 4.3b). Notably, both Cacontaining samples gradually delivered more discharge capacity
over the course of cycling, such that by th& Bgcle, 0% Co and 5% Co had similar capacities.
15% Co sample experienced slightly inferior performance even after regaining some capacity

during the 119 cycles.
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Galvanostatic cycling of 0%, 5%, and 15% @pFirst cycle galvanostatic charge

discharge (GCD) curve at C/2@) cycling stability (data points for hybrgulsed power

characterization are shown kigure B.6), c) GCD curve for the 100th cycle at C/3, atd)

differential capacity curves normalized by electrochemically active mass for the first, second, and

last cycle.

Table 4.3 First cycle charge and discharge specific capacities with coulombic efficiencies for

each composition shown kFigure 3a

Composition Charge Capacity Discharge Capacity Coulombic Efficiency
(%Co) (mAh/qg) (mAh/qg) (%)
0 295 271 92
5 295 255 86
15 296 251 85

To better understand the origin of capacity differences between these materials, we

compared the differential capacity (dQ/dV) curves at various stages in the cycling préigaa (
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4.3df). Previous studies used spectroscopic methods to assign peaks in the differential capacity
curves to different charge compensati@actiors.® During the first charge, oxidation peaks
between 3.81.0 V are attributed to TM redox whereas the dominant feature above 4.4 V is
attributed to the oxidation of oxygen aniofsgure 4.3d). The anodic peak associated with TM
oxidation shifted to higher potentials, while oxygen oxidation peaks shifted to lower potentials
with increased Co conterfigure 4.3dinset). According to Xiang et al. shifts in redox potentials

are caused by differences either in the local structure of the TMs influencing the néastbg Li
energies or electrochemical polarization. GITT testing can help assess the cause of redox shifts. A
large potential change during resting steps indicates a large polarization, and changes in the open
circuit voltage indicate changes in intrinsic regmtential. The magnitude of the potential spike
caused by rests during TM oxidation almost tripled for 5% and 15% Co compared to 0% Co
(Figure B.7), which implies larger electrochemical polarization and worsened TM redox kinetics.
However, the open circuit voltage at the beginning of the TM regime increased with Co content,
suggesting differences in intrinsic TM redox potentials between matdrigls¢ B.8). The shift

in TM oxidation potential with increased Co content likely came from a combination of worsened
TM redox kinetics and changes in the intrinsic redox potential coming from the local structure of
TMs. Both explanations have been cited in priod&sfor similar negative shifts in TM oxidation
potential in Cecontaining samples compared to-Tee sample$>>12’” Comparing the oxygen
oxidation regimes of the GITT curves Figure B.7, we observed a slight decrease in the
magnitude of the potential spikes during rests as Co content increased while onset of the oxygen
oxidation plateau in the open circuit voltage curvéigyre B.8) shifted slightly toward lower
potentials This negative potential shift is consistent with the dQ/dV feature shifts in the inset of

Figure 4.3d Xiang et al*L observed the same for €ontaining LMRs, and explained the shift
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in oxygen oxidation potential as an improvement in electrochemical kinetics with increa$ed Co
substitution. However, our results differ in that the magnitude of the oxygen oxidation peak
representing anionic contribution to charge capacity stayed the same across LMR compositions.
We can conclude that the electrochemical kinetics of oxygen oxidatawe enhanced by Co
addition, but the contribution to total charge capacity remained similar betwessn€@uaning and
Co-free materials.

Upon first discharge, the primary difference in the dQ/dV profiles between compositions
was at ~3.2 V, where 0% Co showed slightly more capacity compared with tben@aning
samples. In the second cyckdure 4.39, where the potential window was constrained between
4.52.5 V, this difference was more significant: only 0% Co exhibited a distincvadiage
cathodic peak below 3.2 V. This peak corresponded tansertion into the TM layer with
concomitant oxygen reduction, which reinstituted LiMype honeycomimrdering. In the Co
containing samples, we observed less cathodic capacity below 3.2 V compared with 0% Co. The
dQ/dV of the final cycleRigure 4.3f) shows an increase in the discharge capacity of 5% and 15%
Co from regained capacity below 3.2 V. This indicates that cycling unlocked more reversible Li
insertion into LiMnr-type sites in the Goontaining materials.

According to the model for lithiation/delithiation of LMRs proposed by Gallagher et al.
band confirmed spectroscopically by Dogan et al., upon first charge above ~43vdcancies
form simultaneously with TM oxidatiot?312The vacancies enable TM and' Imhigration to
tetrahedral sites between the TM and laiyers. Only below ~3.3 V on subsequent discharge
(lithiation) do these migrated cations either return to their original octahedral sites in their
respective layers (i.e. TM in TM layer, producing hysteresis), move to occupy the octahedral sites

in the oosite layer (i.e. TM in Lilayer, contributing to increased Ni/Li mixing and voltage fade),
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or stay trapped in tetrahedral sites (also incurring voltage fade). During subsequent cycling, TM
migration of any sort can take place during charge or discharge. To assess how the extent of Ni/Li
mixing in both materials changed during the first chargaagivation) cycle, we calculated Ni/Li
mixing from ex situ XRD patterns of discharged electrodes after one cycle fre2r04v7(Table
B.1). We observed an increase in Ni/Li mixing during the first cycle of 2.3% for 0% Co and 1.2%
for 5% Co. Discharged 0% Co exhibits a sharper superstructure peak than discharged 5% Co,
suggesting better preservation of Ligiype ordering igure B.9 insets)

Interestingly, several studies such as by Aesat., Li et al., and Xiang et al. reported Co
facilitates the activation of oxygen redox and exacerbates oxygen lagRis'2% 12’ This differs
from our findings that suggest faster but not more oxygen redox occurred in 5% and 15% Co
compared to 0% Co. These studies were done on LMRs with 1.2 Li/TM with upper cutoff voltages
of 4.8V during electrochemical cycling. The LMRs in thisdstinad a higher Li content of 1.3
Li/TM, but are otherwise analogous in TM composition to those studied in Xiang et al.:
Li[Li 0.2Nio.2x/2Mno.6xCox]O2 where the Co content was x=0 corresponds to 0% Co in this study,
and the x=0.08 composition explored falls between 5% Co (x=0.035) and 15% Co (x= 0.105) in
Co content. Xiang et al. reported increasing first cycle charge capacities and coulombic efficienci
of 70-76% with Co content. The number of Miacancies created during charge is different, which
complicates the comparisons between subsequent electrochemical characteristics and their
dependence on Co content. There is slight (<10 mAh/g) improvement in initial discharge capacity
when Co content oreased from x=0 to x=0.08, and capacity and voltage fade occurred within the
first 10 cycles but was marginal compared to LMRs with higher Co content. In our LMRs, the
increased Li/TM ratio of 1.3 enabled higher discharge capacities of 250 mAh/g fordb¥%n

Co with higher coulombic efficiencies of 80% under the same upper cutoff voltage of 4.8V and no
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sign of capacity fade within 13 cycleBigure B.10). This performance is comparable to the
LNMCO with higher cobalt content (x=0.13) explored by Li et al. by tHecy@le. Furthermore,

with a 4.7V upper cutoff voltage 0%, 5%, and 15% Co achieve the same charge capacities of 295
mAh/g, and upon discharge the-Containing samples initially achieve ~28 mAh/g lessTable

4.3.) All samples still achieved greater than 250 mAh/g during first discharge, and despite higher
Li content displayed strong reversibility with the coulombic efficiencies of all materials 10%
higher than for any materials reported in Xiang et. al. By ti§& &Qcle, all samples had average
discharge voltages of 3.8.52 V despite higher final discharge capacities for 0% and 5% Co. Our
findings contrast previous reports that suggest less than 15% Co substitution in thetyp&O
domain unlocks more reversible capacity from oxygen redox leading to ultimately higher
discharge capacities and accelerated voltage fade. We find that 0% and 5% Co delivered
comparable discharge capacities while 15% Co delivered slightly lessdéteded cycling, while

all three LMRs suffer from the same extent of voltage fade after 100 cycles. It is possible that
improvements in consistency and quality of LMR synthesis negate the effects small concentrations
of Co substitution have on oxygen aniaalox as has been reported in literature.

An important determinant of local structure and cation ordering in oxide cathodes is the
formal charge of the TM ions. In NMCs, it is usually assumed that bulk oxidation states of the TM
ions are MfY, Cc®, and Nf*. A recent report by Yi et al. in 2023 utilized iodometric titration to
determine the oxidation state of Ni in NMC materials synthesized in varied atmosph&ites.
authors demonstrated that®Nhad the propensity to form in @mwntaining TMOs to maintain
local charge balance when there was neighboring @oa structure, whilst Ni was more
prevalent in oxides containing only Kfrfor the same reason. We utilized a similar iodometric

titration method to determine the oxidation state of Ni in the pristine LMRs. We found that as the
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guantity of Co in the pristine LMR increased, the average Ni oxidation state, or the percentage of
Ni®* in the structure, also increaseféigure B.11). In LiNiO2, surface or neasurface Ni* is
unstable in ambient conditions and is known to convert to the more stdbtavli the course of
cycling .Mohanty et al. demonstrated that #1nan also migrate to lowafltage tetrahedral sites,
leading to localized formation of a spinel structure with increasing cycling. The increased TM
migration to lowetvoltage sites is apparent in the dQ/dV of the final cyElgure 4.3f), where

there was a clear increase in magnitude of the cathodic feature below 3.2 V for all three LMRs.
The structural result of this increased TM migration was a nanocomposite of interconnected

layered and spinel or rogdalt domains which form an impred 3D network for Li diffusion.

4.3.2 Kinetic analysis of activated LMRs

Based on our electrochemical results, we hypothesize that increased Co content may
influence the electrochemical kinetics of* linsertion into the LMRs. We performed a rate
capability test to probe differences in rate limitation as a function of Co coRigotd 44). We
found that 0% Co retained more discharge capacity than 5% and 15% Co at every rate. At the
fastest rate of 400 mA/g (~2C), all three LMRs retained betwe&®%20f their original discharge
capacity. As observed in the cycling stability tests, b&thamd 15% Co showed an increase in
discharge capacity when cycled at 20 mA/g at the end of the rate protocol. All cells delivered
similar discharge capacities at the end of the protocol despite the fact that at the beginning of
cycling, Cacontaining mateals delivered less capacity. While 119 cycles at slower rates{(C/20
C/3) were necessary for 5% Co to achieve the same capacity as 0% Co, at higher rates, all three
LMRs achieved similar capacities within 40 cycles. We hypothesize that as the discheege cur
rate increased, the concentration of Lacancies increased since not all of theikireinserted

back into the structure. As discussed in the section regarding electrochemistry of the LMRs, the
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Li* vacancy concentration is coupled to the extent of local structural change. Faster rates appear
to have hastened the formation of local 3D diffusion networks in the structure necessary to

promote increased discharge capacity at subsequent slow rates (final 20 mA/qg).
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Figure 4 4. Average discharge rate capability for 0% Co, 5% Co, and 15% Co.

Given that all LMRs charged to similar capacities (0% and 15% were equivalent, and 5%
Co was 3.5% less), and all discharge capacities were the same at the end of the rate protocol in
Figure 44, we hypothesize that the number of Lzacancies in the structure were similar by the
end of the 40 cycle. If the L¥ vacancy content alone was responsible for the structural
rearrangement and consequentially the electrochemical behavior of the LMR, then we would
expect all LMRs to perform comparably in a subsequent rate test. The protocol was repeated to

assess if the aterials would sustain similar performance at all raftggufe 4.5). By comparing
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differences in the utilization of Liat different rates. During the second activation in Cycle 41,
none of the samples gained additional charge capacity, suggesting that n6 wagahcies were
formed in the structure. The discharge capacity delivered by 5% Co and 15% Co increased
compared to the amount delivered in the first activation in Cycle 1. This places 5% and 15% Co
on par with 0% Co for discharge capacity delivered inecyid. Despite all cells performing
comparably at slow rates from cycle-4%, during the second run of the protocol, 5% and 15% Co

still retained less discharge capacity than the 0% Co at all rates faster than 40 mA/g (or 0.2C). The
rapid decline in capdy retention with increasing rate for the €ontaining as compared to Co

free LMRs suggested kinetic limitations despite structural changes that unlock additional discharge

capacity at slow rates.
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Figure 4.5. Discharge capacity retention based on the first charge capacity during the discharge

rate protocol detailed iRigure 4.4. The rate protocol was repeated after completion. Cycle 1 and

41 are the activation cycles from 4.2.0 V; all other cycles run between 4.2.5 V.
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To probe the differences inLinsertion kinetics as a function of TM composition and
cycle number, we conducted GITT experiments during the first and second activation (cycles 1
and 41) of the rate protocol frofigure 45. From these GITT experiments we calculated the
apparent Li diffusion coefficient in the cathode, D, using the method described in the
experimental section. By plotting.D as a function of voltage along with the dQ/dV curves as

shown inFigure 4.6, we compared kinetic behavior.
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titration technique (GITT) plotted with the differential capacity curves for the first and second

activation of the rate protocol iigure 45 for charge and discharge of thdgr0% Co samples
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The kinetics of the charge process trended similarly for 0% Co and 5% Co. There was a
sharp decline in the D during the first activation cycle charge due to the oxygen anion redox >
4.5 V for both 0% Co and 5% Cé&igure 4.6a andc.) This was as expected, and it is well
established in the literature that the activatiomxafgen redox is kinetically slow® During the
second activation cycle in the rate protocali"Dor both 0% Co and 5% Co remained mostly
constant with trivial decreases near a known TM redox potefiglie 4.6b andd). This also
was expected, given we only saw TM redox and no additional activation of oxygen redox during
the second activation.

The kinetics of the discharge process trended differently for 0% Co and 5%tGe 5%

Co sample, as Libegan to reinsert D was initially higher than that of the 0% Co in the voltage
regime where predominantly TM redox was predicted to occur, but then decreased significantly in
the lowvoltage regime. This was true for both the first and second activé&iiguré 4.6c andd),

even though in the second activation during discharge there was sansettion in the TM layer

(i.e. LiMng) as evidenced by increased capacity in thevoltage regime indicative in the dQ/dV

in Figure 4.6d. This corroborates the findings of the rate study fragures 44 and4.5: although

over time the LiMe-type sites became active in the cofzalbtaining samples, Ldiffusion in the
low-voltage regime was still sluggish. This was why the rate performance of then@oning
samples was worse than 0% Co, which had a constant and highacrDss the potential range.

Although during the first activation chargaiDdecreased sharply >4.5V where oxygen
redox was activated, the minimum value af'Dncreased with Co content. Frdfigure B.12,

0% Co demonstrated the lowesti'Dduring the oxygen oxidation regime at 6.09 X4®n?%s
compared to 9.19 x1 m?%s for 5% Co and 1.92 x¥0m?/s for 15% Co, respectively. This trend

in DLi* coincides with oxygen oxidation dQ/dV peaks shifting to lower potentials with increased
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Co content, which was ascribed to improved oxygen oxidation kinetics in the discudsiguref

4.3d. One explanation for the simultaneous occurrence of improvettlrtercalation and oxygen
oxidation kinetics is simply that the apparent diffusion kinetics are linked to oxygen redox
kinetics, as removal of excess' ltiiggers oxygen oxidation. Another possibility is that the GITT
method is influenced by mobile oxygen species (molecutaOgd or O) or oxygen vacancies

that may be produced during charging >4.5V in addition td4®iGITT probes electrochemical
kinetics using changes in ohmic drop following applied current, and ohmic polarization may be
affected by anynobile charged species present in the matddipdn discharge, this means any
mobile oxygen species in the material would also influence thfe I this case, the decline in

Dui* below 3.2V for Cecontaining materials may suggest sluggish movement of bodtinidior

0oXygen species or vacancies.

4.3.3 Influence of potential window on electrochemistry
The trends in D" in the 4.7 V activation cycle iRigure 4.6 persisted in the 4.5 V window
as well Figure B.12). Both 0% and 5% Co experienced a decreaseiimiBen the Li content in
the solid became greater than X = 1, however the decline was more severe for 5% Co. Above X =
1, Li* is thought to fill the Li layer and begins to insert into the TM layer into LHpe sites,
suggesting that the kinetic barrier td nsertion may have only come from the activation and/or
utilization of Aexcesso Li in the structure.
Given that sluggish diffusion seemed to be associated with using the excess Li that was
activated with oxygen redox when the cathode was charged above 4.5 V, we repeated the rate
protocol using a constrained voltage window of 4.355 V. The dQ/dV ploten Figure 4.7b-d

show no activation of oxygen redox and correspondingly no activity below 3.2 V upon discharge.
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Despite this, the 0% Co still outperformed 5% and 15% Co at every rate, suggesting that trends in

LMR performance appear regardless of the oxygen activity of the cathode.
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Figure 4.7. a) Average discharge rate performance of three half cells each for 0% Co, 5% Co, and
15% Co vs Li/LT cycled between 4.352.5 V. b-d) Differential capacity normalized by mass for

the first and second cycles of the rate protocal)in

The dQ/dV plots inFigure 4.7b-d illustrate that TM redox couple split and shifted to

higher potentials as the Co content of the LMR increased, similar to the trend disciSgeadein
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4.3d. The potentials corresponding to TM redox are determined by the nearbyel energies
which are heavily influenced by a TMés || ocal
might be two distinct TM redox environments in the pristine LMR, which are accessed
disproportionately depending on the content of*@Qothe LMR. Further spectroscopic analysis,
coupled with computational analysis of the energetics of varied TM environments in the presence
of Cc®, are necessary to understand the origin of these differences.

To assess the influence of Co content on the practical cell performance, we conducted a
simulation of a full Ltion battery cell with 0 or 5% Co LMRs as the cathode and graphite as the
anode. The simulation was informed by the experimentditgined paraeters, most notably the
Dui* for a typical activation window (4.72.0 V in Cycle 1) and operation window (4.8.5 V in
Cycle 5) shown idrigure B.12. The simulation was conducted from #.2.8 V and demonstrates
that after the first cycle, we access higher states of charge at lower potentials in subsequent cycles
(Figure 4.8). The simulated charge/discharge curves for 0% Co and 5% Co demonstrated voltage
fade within the first 5 cycles, with no notable difference between LMR compositions. The voltage
fade is associated with the change ih dite energies due to TM mixing caused by irreversible
TM migration during cycling. Although there was less Ni/Li mixing in 5% Co, and in theory this
would correspond to less voltage fade, in practice it seems the reduction in mixing was too small

to mitigate voltage fade yet large enough to deteriorateadd discharge capacity.
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Figure 4.8. Full cell simulation of the galvanostatic cycling of aibn battery consisting of 0%

or 5% Co LMR cathode and a graphite anode of ecpjadcity.

4.4 Conclusions

In this work, we studied the influence of Co doping on the electrochemistry of LMRs via
a careful analysis of the structure and kinetics offfée vs. Cecontaining LMRs. We used
iodometric titration to show that as €ontent in the LMR increased, the average oxidation state
of Ni also increased. Although Niwas dominant in all LMRs, in the presence ofQbseems
more NP is likely to exist to maintain charge balance in the local TM environment. AssNiss
likely to mix with Li*, we confirmed with highies XRD that there was less Ni/Li mixing in-Co
containing LMRs compared to doee LMRs. We hypothesize that the gradual increase in
capacity during cycling observed for €ontaining LMRs came as the structure became
increasinglydisordered to form interconnected 3D channels fodlffusion. Introducing just 5%
Co in the NMC component of the LMR added resistance tdrisertion in LiMrs-type sites

regardless of the potential window, as evidenced by decliningpddow 3.2V upon discharge.
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These hypotheses are supported by rate capability tests and our analysis of the apparent Li
diffusivity, Dui*. Compromised electrochemical kinetics causeec@uaining LMRs to possess
inferior rate capability compared to the -€ee LMR, even when cycled without activation in
narrow potential windows. We demonstrated that while 5% and 15% Co do exhibit signs of
enhanced oxygen oxidation kinetics, it did not correlate to improvement in reversible capacity
upon dischargeThe Cacontaining materials did not outperform 0% Co on the basis of capacity
or voltage retention and overall electrochemical kinetics. Furthermore, even in cases where similar
capacities were achieved between-ddataining and Gdree LMRs, kinetic limiations were

present in Caontaining LMRs that inhibit achievable discharge capacity at practical rates.
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CHAPTER 5
Dependence of Local Structural Evolution on Depth of Charge in Li and Mn Rich Cathode

Materials

5.0 Preface
| conceptualized and executed all experiments in this chapter. The pristine materials and

cathode slurry electrodes were prepared by Dr. Jiajun Chen.

5.1 Introduction

There arecompeting interpretations for the structural nature of the class -oérd
manganeseich oxides called LMRNMCs, howeverthe most widely held belief is th#tese
materials are composites of the form 2MnOs:(1-x)LiIMO 2, comprised of interspersed nano
domains of the C2/m structure (characteristic @MnOs) and Rom (characteristic of LiMG).
There have been a few reports that sugthiese are no discrete domains but rather a continuous
integration of both parent phases into one solid soltipa structure. The difference between the
interpretations resides the extent ofocal or shorrange order in the materials. Synchrotron X
ray diffraction has often been employed to detect Li honeycomb superstructures-{yjoienin
pristine LMRs(Figure 5.1). During activation of the kMnOs component by charging abovet4
V, these superstructures are disrupted. While thegdering is widely hypothesized to reinstitute
during Li* insertion below 3.5/, the superstructure reflections appear disrupted after first cycle
discharge. This implies that reordering of LiMikely does not happen uniformly over a sufficient
scale to be detected by bulk techniques like XRBwever,XRD studies have shown that bulk
structural changes occur during the ficgtle activation of LMRNMCs. Li et al. observednit
cell shrinkageat high states of charge corresponding to oxygen loss duringyul& activation

of Li12Nio2MnoeO2.1?" In subsequent cycles, the expansion and contraction of the unit cell
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proceeded linearly with potentia¥in et al. performedex situ XRD and TEM after holding
eledrodes ofLi1.2Nio.1.aMno.54C0.130z2 at high states of charge provide &idence foratwo-phase
proces during first cycleactivaton.'4! The authors proposed thast, removal of Li from theTM
layer initiated oxygenoxidation and vaancy formationin the bulk At the top of charge, mass
vacarcy migration to the surface caualseation migration to form densified bulk layered phase
with a spinelor rock salt surface layedpon dischargezation migrationwaspartially reversible
as lithiationproceededia a soid solutionstructurdrearrangement.

Local structural probes such as Raman spectroscopy have been shown to detect subtleties
in LMR-NMC structures. Wu et al. studied 0.49Mn0Oz-0.51LiNio.37C00.24MNno.3902 using exsitu
Raman spectroscopy and observesMnOs is a discrete component in pristine LMRVIC. 142
They correlate changes in Raman bands associated wittothggRase and C2/m phase to show
that upon discharge,d® phase rdithiates earliethan C2/m phase. This corroborates the theory
that lithiation above 3.5V involves mostly the LiM@omponent and below 3.5V involves
predominantly LiMnOs. The authors also note that even high XRD techniques do not show
presence of MnOQOs after the first charge/discharge cycle. The authors hypothesized that in the
pristine structure, the C2/m structural domain size is large enough to appear during bulk
diffraction. Howeveyrduring the first cycle, the C2/m phase is disrupted by activatiorelinOs
and reforms intandemwithLiM&x el i t hi ati on via fnelectrochemic
LiMnOs-t y p e ¢ o mp signigcantenough fordbulk diffraction butan be observed with
RamanspectroscopyYu et al. studied the structural differences between ppaseLtMnOsz and
solid solutions of LiMnOs-LiMnO2 with different degrees of Li/Mn through extu Raman
spectroscopy?* The authors report an increase in the spiypgé Raman band ~650 crduring

electrochemical delithiation, suggesting a transition from layered to spinel structural as early as
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the first discharge. They found that higher Li/Mn ratio in the materials lead to more layered phase
presence.

Despite having the advantage of probing shamnge order under in situ environments
while avoiding structural relaxation after applied potential, there are few operando Raman studies
of LMRs. Ruther et al. used operando Raman and mapping along with Dfeilatzd phonon
spectra to discuss the origin otMinOz Ramanactive features during electrochemical cycliffy.

The authors noted the emergence of a new mode ~665danng delithiation coupled with

decrease in relative intensity of other modes, and suggested a two (or multiphase) delithiation
reaction. This conclusion is supported by previous work suggestimgrhbval from LiMnOz is

not topotactic. Lanz et al. also studied the activation g¥hO3 through an operando Raman
experiment®*The experi ment occurred at 50eC to ens.
They found that the ~615 chband shifted to higher wavenumbers during activation particularly

above 4.4V, which coincides with the formation of a splikel phase for overlithiated
XLi2MnOs-(1-x)LiMO 2 structures.

Even fewer studies in literature report using operando Raman to probeNMIR
compositesSinghet al reported the formation of a new band ~545'¢ormed during first charge
between 4.44.3V vs Li"/Li that does not appear in ex sgoans*®®*L anz et . al - compart
energy NCMO compr Mn@sdnddiMO: with staidhionmetia NCK thilough
operando Raman spectroscofdy. They found that the ~545 chbband was reversible and stable
for a wider potential range in higgmergy NCM compared with stoichiometric NCM. The authors
also compared pristine spectra of both keglergy and stoichiometric SEM in addition to an
intermediately lithiated NCM (Lii(NisCosMn1/3)O2.1) to exsitu spectra collected after

electrochemical cycling. In the pristine materials, the authors found the Alg band in the spectra
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shifted toward the expected Ag band position eMriOs. The extent of the shift corresponded to

the degree of overlithiation (from 588 cm?). This trend did not maintain after cycling; the

Alg peaks were all ~595chregardless of extent of overlithiation, which the authors claim
supports the 2MnOs domain model and that activation obMnOs is irreversible.

In this work, we studied the Ilocal structural evolution of cobiadte
0.5Li2Mn0O3-0.5LiNio.sMnosO2 (0.5LMR) during lithiation and delithiation using operando
Raman spectroscopy. We conduct the operando experiments dift@vent potential windows,
first to >4.5V, where anion redox from the AMnOs componenis activated and secondly to
4.4V, where only transition metal (TM) redox is expected. Interpreted in conjunction with the
thermodynamic parameter of configurational entrap)(and kinetic parameter of apparent L
diffusivity (Du*), the evolution of the Raman profiles as a function of potential indicated
differences in lithiation/delithiation mechanism between potential windéwsve 4.4V,we
observeda twophase mechanism for the activation of theMnOs componeniconsistent with
prior XRD and TEM studks This study deranstrates the applicability of Raman spectroscopy to
understanding shaerange structural phenomenon that influetieeelectrochemistry of LMRs

5.2 Methods

5.2.1 Electrochemical characterization

0.5Li2Mn0Os3-0.5LiNio.sMno.sO2 powder was synthesized via the procedui®dation 4.2.1
and prepared into slurgast laminates via the procedure describe8eation 4.2.4at Argonne
National LaboratoryThe resulting electrodes had mass loadings of El2ng/cnd and were
assembled into 2032 stainless steel coin cells in an Affied glovebox (RO and Q levels <
0.5 ppm). The coin cells were assembled in a-¢ellf configuration with a Li metal anode

(TMAX, battery grade), glass fiber separator (Whatman), and ~250 uLMLICIO4 (Sigma
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Aldrich, 99.99%)in propylene carbonat@C; Sigma Aldrich, anhydrous, 99.7%8§ electrolyte.
Coin cells were left to rest at open circuditage (OCV) for 12 hours and then cycled at 15 mA/g
between 4.7 2.0 V in the first cycle and 4i42.5V for four more cycles (LANDT galvanostat)
5.2.2 Entropymetry

We calculatedthe change in entropy of the LMR at various states of ch&Q9€) PSS,

usingEquation 5.1

Y'Y & O— (5.1)

Where n is the number of e | e cid thediffesentialBf OC¥ F ar a

with respect to temperature. We usedeatropymetryprocedure adapted from Jobst et al. to

estimate — by measuring the OCV at varying temperatures at each!&@@er assemblya

coin cell was connected to a potentiostat (Biologic SP300) from within a tempecaturelled
chamber (ESPEC). The cell rested at OCV for 10 hours at room temperature and 2 hd@rs at 45
A constant current of 15 mA/g was applied for 1 hour, after which the cell rested at open circuit
potential at 4%C for 2 hours, and at 35, 23C, 13C, and 5C for 1 hour each. This protocol was
repeated between 4i72.0V, and between 4.4 2.5V. For a given state of charge, the value of

OCV at tle end of each rest at various temperatures was extrateedlope of the graph of OCV
versus temperature was takenas and used to calcul ate @S at e:
5.2.3 Galvanostatic Intermittent Titration Techni@TT)

The apparent [Li diffusivity was estimated using GITT as per theact conditions

described in the protocal Section 4.2.5. The coin cells used @®ITT experimentsvere made

usingGen2 electrolyte (Tomiyama, A49 LIPASTE formulation, 1.2 M LdiRF3:7 wt. mixture
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of EC and EMGQ. The experiment occurred am oven at 30°Cduring two different potential

windows:1) 4.871 2.0 V and 2) 4.3 2.5V.

5.2.4In situ and operand®aman spectroscopy

A commercial test cell for operando electrode characterization was employed for operando
Raman spectroscopy experiments (EC@to-10, EL-CELL). The cathodes were made by casting
a slurry containing 84t.% LMR, 8wt% carbon black, and &t.% of binder solution (8vt.%

PVDF in NMP) onto carbon paper (Fuel Cell Earth.) The electrodes were dri?qCahG@dfume
hood overnight,under vacuum at 100 overnight,and punckd out into 5 mm electrodeghe
final mass loading of the electrodes were ~12 mg/dhe cathods and ECCOpto-10 were
transferred intan Arfilled glovebox (<0.5 ppm kD and Q) for assemblyThe cell stack was
assembleavith the cathode and Li metal anoitlea faceto-face configuratiorsimilar toa coin
cell using a glass fiber separator and 30 pL & LiCIO4in PC as electrolyteElectrochemical
impedance spectroscopy wasrformedon theassembledECGOpto-10 tocheck for a battery
type Nyquist plotindicative ofgood electrical connection within the cédixample shown in
Figure C.1) The cellwas monitored at OCV for 12 hours prior to Raman characterization.

Raman spectroscopy was conducted using a Wl 300 Confocal Raman Microscope
employing a 532 nm Nd: YAG laser, 600 grooves/cm grating, and 100x Zeiss objectivihiens.
laser wavelength was calibratasing the520 cm' peakfrom a silicon chip For all experiments,

a laser power of ~54 uW was uséd.situ scans were collectdy averaging 5 accumulations
integrated over 108 each. Operando experiments were run as a time series of these scans
separated by 1s intervals. A constant current of 15 mA/g was applied to th@EGCO between

4.56 founded to 4.6) 2.0 V, and 4.4 2.5V (Biologic SP50e). A shapebased background

subtractiorin Witec Project Four Pro (shape size 300, noise factor 1) and cosmic ray reremal
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applied to the Raman timeseries data. The contour plots presented here were made from this data.
For the individual Raman spectra presented, thelat@een 30700 cm! were smoothed using

an adjacenaveraging method of 5 nearest neighbors and fitted using the Lorentz method in Origin
(example presented fFRigure C.2.) All fits exhibited an R> 0.90, and only fixed the baseline

value if needed for convergence.

5.3 Results & Discussion

Figure 5.1 depicts the galvanostatic chardischarge behavior of 0.5LMR. The coulombic
efficiency of the first cycle to 4V is relatively low at77% compared to other LMRs with less
Li2MnOs content howeverit is on parwith 0.5LMR materials inprior reportst*® Higher
irreversibility is expected due to the higheeMnOs content. The excess Li coming from the
Li2MnOs domains orders with Mn to form a LiMitype honeycomb superstructure in the pristine
materialas described in Section 1.2.3he galvanostatic charge curve Figure 5.1a clearly
showstwo separate regimes: a linear increase in potential+h&lV, corresponding to TM redox,
and a plateabeginningat 45 V indicative of oxygen oxidation. During this period theNnOs
domai n i s fAac tsiondaddard partially lost from the structiwbenexcess Li
in the TM layer is removed. Removing this excessdisrupts the LiMi-type orderingwhich is
thought to reinstitute below 3\6 during discharge when excess ké-enters the structure.p@én
guestions remain as to how and to wbztentthis ordering reappears during electrochemical
cycling of these materials. Furthermore, the extent of charge controls the quantity of both Li and
O vacancies formed, whicls icoupled to the degree of irreversible structural change to be
expected. Vacancies allow space for TMs to migrate to either the Li layer or to spinel sites between
the Li and TM layer. This TM migration is either reversible, leading to capacity fade, or

irreversible, in most cases leading to permanent changes irninckitasite energies and
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consequently voltage fade. Given the highMnOs content of 0.5LMR, the effects of TM
migration should be even more severe than in LMRs with loweMn®s content. Uporfirst
discharge, the curve continuously decreases in potential without distinct redox regimes evident. In
the subsequent cycle4atV, the charge and discharge curves are linear, consistent with TM redox

activity only.

Figure 5.1. Galvanostatic chargdischarge behavior of 0.5LMR during a) activation of oxygen
redox when cycled from 41 2.0V and b) a subsequent cycle betweeh £.5 V without oxygen

activity.

As per the discussion of the previous figure, we expect 0.5LMR to undergo structural
change during the first cycle charge due to a higMhOs content relative to other LMRs. The
change in configurational entropyd) of the structurés shown as a function of state of charge in
Figure 5.2. As Li* is removed from the structure during charge, it follows that the increaseg in Li
vacancies drove an overall positive increasgthtor the structure. Upon first charge to ¥.th
Figure 5.2a, there are two clear plateaus visible indiiedatg(dark gray) The first smaller plateau
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