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Abstract

The Atlung Method for Intercalant Diffusion and Resistance (AMIDR)ngel
high accuracymethod for measuringolid statediffusivity and cell internalresistance
related tothe Atlung Method for Intercalant Diffusn (AMID) with several key
differencesMost notably, AMIDR is designed t@nalyzethe voltage response over time
oficompl eteo pul ses, pul ses that | aede unt i |
differences, in addition tdesign considerations made when designing AMidllbw for
AMID R to returndiffusivity results with a higher degree of confidence t@atvanostatic
IntermittentTitration Technique(GITT) and at a faster rateith higher state of charge
(SOC) resolution thaklectrochemicalmpedance fectroscopyEIS).In this studythree
different commercial layeredlithium transition metabxides were studiedlhese active
materials showed very similkinetic behaviour that varied quantitativelyth dependence
on thefractionof Ni atoms filling sitesn the Li layer AMIDR comes with aiserfriendly
python program tha intended to assist other researchermeasuing active material
diffusivity with the same degree of accuracy ircantrolled, repeatable manndris
program, along with instruction on its yske results of this studyrom raw data tahe
final key kinetic metricsand a video summary of AMIDR desigire available for

downloadat https://github.com/MitchBall/AMIDR
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Chapter 1: Introduction
1.1 Motivation

Li-ion batteries are energy storage devices used in many producpoitibdle
consumer electronicguch as phones and laptppshiclesranging from drones to buses,
and occasionally stationary grid energy storage. These batteries have many different
performance metrics includingycle life, self discharge ratggower density, and energy
density.A good understanding of batyekinetic behaviour is necessaryimprove power
density and even energy density if cell capacity is kinetically hinderesver and energy
density are limited by impedance which can come from many different parts of the cell.
One common source is the active material at onleeotiwocell electrodes which produces
interface resistance when'ltravels across its surface aswlid-statediffusion impedance

when Li" transports within its bulk.

There are many ways to measure theseactive materialmpedances, buhany
of these methods suffer from a lack of repeatability, espeaiadithodsfor diffusion
impedanceDifferent studieshavepublished diffusivity valuesthat differ from each other
by multiple ordes of magnitude for the same materi@bme studies even show a wide
deviation betweethe values acquired by charging and discharghe samesells? This
shows that there is ample room for improvement when it comes to measuring diffusivity

and aneedfor a new, easyo-use method with betteepeatability

1.2 Scope



This thesisproposes and demonstrates a new method for accurately measuring
diffusivity and interface resistancalled the Atlungvethod for Intercalant Diffusion and
Resistance (AMIDR}hat comes paired with an accessiBjghon program to encourage
adoption. The materials measured within this thesis alighaim nickel manganeseobalt
(NMC) layered oxide cathode active materiatschare commonly spherically apedand
have kinetically hindered capaes Howeverthis methodmaybe applied tmthe active
materials, both cathode and anpaed even other transport ions such as &te&K*, with

appropriatanodification

Chapter Zntroduceshe components of lai-ion cell and Chapter §oes in depth
on the mathematics behind modeling diffusiviBhapter 4 provides background on prior
methods used to measure diffugi and the challenges they faasing theory from the
previous chapterChapter 5 defineAMIDR and the design considerations used for its
construction whereas Chapter 6 provides the experimental parameters used for measuring
active material within this thesis. Chapter 7 provides the results of the active materials
studied and isight into their mechanisms of diffusiand Chapter 8 takes these discovered
mechanisms and models their impact on typical cell perform&iwpterd summarizes
and concludes this work and Chapfd provides future avenues of exploration and
development for AMIDRPortions of @apters 37 and 9will appear in the peer reviewed
article:AMIDR: A Complete Pulse Method for Measuring Cathode S8kalte Diffusivity
by M. Ball, M. Cormier, E. Zsoldgd. Haman, S. Yu, N. Zhand)l. Phattharasupakuyi.
B. Jomson, M. Metzger C. Yang, and J. R. Dahrsubmitted tothe Journal of the

Electrochemical Society



Chapter 2: Li-ion Batteries
2.1 Li-ion Cell

Figurel shows a general schematic of a-lan cell during discharge. tion cells
compriseof two electrodes, an anode and a cathode, with a separator between them and
electrolyte wetting all components. Typical battery convention will label an anode as the
electrode with lower potential and the cathode as the electrode with higher potential
contrary to the traditional definition of anodes and cathodes which define them as the
electrodes undergoing oxidation and reduction respectiath electrodes consist of
active material which stores electrons and lithium iang iscoated uponraelectrically
conductive current collector. Conversely, the electrolyitein the separatoiconnecting
the electrodes i®nically conductive but electrically insulativEhese components aad
sealedwithin the battery withthe current collectors in electrical contact wékternal
terminals.Typically, within a commercial batteryhese components are all very thin and

stacked upon each other witie current collectors coated upon both sides.
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Figurel: Schematic of a Lion cell during a discharge.
When the terminals are connected to a load, both ions and electrons begin to

transport. Initially, the ions and electrons travel togefitven the bulkto the surface of the

anode active material where they separate. The electrons conduct through the anode current
collector to the load where they do work and then through the cathode current collector to
the cathode active material. Conversely, the icmg\sithin the cell and travel through the
electrolyte and separator until they reach the cathode amtiterial as well. From there,

the ions and electrons travel together again to the interior of the cathode active material.
One caveat to this process is that if the load has a higher voltage than the difference in the
resting potentials of the electrodbe load becomes a power sourttes process will
proceed in reverseand the cell will charge. Typically, with completely reversible
reactions, the difference in potentials between the electrodes will grow during charge and

shrink during discharge.



Because the ions and electrons are paired when they are within the active material,
there is nelectric field to promote transpoftherefore, the remaining method of transport
is diffusion. Because ions are far heavier and larger particles than eletitrerisansport
is primarily limited by ion diffusionn layered oxidesnd the impact of electron diffusion

is negligible.

2.2 Electrods

Active material is typically coated the current collectors with a small portion of
binder like polyvinyidene fluoride(PVDF) and conductive additive like carbon black.
However, some active materials like graplié not require conductive additive as they
are already electrically conducti¥&ome commohi-ion cathode materials include LiNi
xy-zMNxCo/Al;O> layered oxides (NMC/NMCA), LiMnxFePQ:w (LMFP/LFP), and
LiMn204 (LMO). The most commotki-ion anode material igraphite,but alternatives
includeSi-based active materi@lvhich is often mixedvith a certain amount of carbon for
stability), Li/3Tisz04 (LTO), andlithium metal Lithium metalis unique in that it does not
require diffusion transport within the active material because there is no host material.
Lastly, while only used in research settings, some cells have a third electrode called a
reference electrod&his electrode is typically not coated on a flat curmsitector but
coatedon a mesh or a thin wire to allow ions to transport pagiutrent is not drawn
through this electrag] so it experiences no overpotential and can be used to determine the
potential of other electrodes withatdnvolution from the counter electrode overpotential.

A common reference electrode is LiAu alloy although cathode and aoctidematerials

can be used as wéll.



Someactivematerialdike LFP, LTO, and lithium metdiave a single potentitiat
rangesover all states of charge (SOCandappeas asafi p | a twieea plaited These
plateausare associated with discrete phase transitiOtiseractive materialslike LMFP,

LMO, and LiAu have a series oplateausassociated with a series of discrete phase
transitions Lastly, some materials like NMC/NMCAgraphite, and Sbased active
materia] have smaller plateauswhich may be due to discrete or continuous phase
transitionsbut also have wide ranges of potentials ovarying SOC associated with
continuous phase transition$hese potentiarangesare not only dependent on the
chemistry, but also variations in stoichiometry, both structural and dopant defects, and even
morphology>® However lithium metalis againunique as it has a consistent potential not
dependent on these variations making it an excellent counter electrode for stttiging
materials. Whefithium metalis used as a counter electrode this is referred to as a half cell

as opposed to a full cell for any other arrangement

Most active materials have a generally spherical shape, but internal ion transport
pathways may have a more cylindrical or planar slilgpending on the internal lattice
Diffusion transport throughan active material introduces an impedandée active
materials used in thihesisare NMC at the cathodithium metalat the anode, and LiAu

as a reference electrode.

2.3 Electrolyte

The electrolytebdéds main function is t

electrodewhile inhibiting electronic conductionypically, the electrolyte is an aqueous



or nonaqueous liquid salsolution containinghe transport ionCommonLi-ion non
agueous solvents are organic carbonates such as ethylene carbonate (E@jetnyd di
carbonate PMC) and a commorsalt is LiPF.> Electrolyte is desired to be ionically
conductive to reduce ionic resistance between the two active electEbeldsolytes must

also remain stable at both electrodes or decompose in a predictatttelledmanner.

2 4 Electrode/Electrolyte Interface

At low potentias at the anode interfacelectrolyteoften reducesand ionically
bonds with transport iorte form a thininsoluble film called a soliglectrolyte interphase
(SEI. This SEI is desired tbe chemically stable anaidhere well to the anode active
material so as not wissolve offlake off and produce more S#hichconsunesadditional
electrolyte and lithiunmeducing capacity and cycle lif€ommercially, it is typical that a
variety of additives are also dissolved in the electrolgtde reduced at the anode to

produce a more stable SEI.

At high potentials athe cathode surface, oxidatioften occus which removes
material rather than depasig it. Oxygen contained in the cathode active material may
oxidize to produce ©which oxidizes the electrolyte to produceHandCO..” This may
also bein combination with loss of transition metal cations such as Mn, Fe, Ni, or Co. In
NMC/NMCA materials this may lead to a separate surface phase called a reconstructed

surface layef.

Both the SEI and the reconstructed surface lagay introduce an interface

resistancelf neither of these surface phases are present, resistance will still exist in the



form of charge transfer resistance related to the reaction transferriingrhian electrolyte
solvation shell to the active material which can be deemed an interface resistance as well.
In addition, the interfaces also develop a double layer with a certain capacitance which acts
in parallel with the interface resistancatifs produced byhe SE| reconstructed surface

layer, or charge transfer reaction

2.5 Separator

The separator is used to physically isolate the electrodes from another so that they
cannot electrically conduct with one another. This usually takes the form of a thin, porous
polypropylene or polyethylene film. This porous fiitlows for ions to transport through.
Ideally this film is as thin and porous as possible to minimize ionic resistance, but the

separator must remain mechanically stable as well.

2.6 Circuit Modeling

Figure 2 showstwo circuit model representations thfe cathode within a Lion
cell. Figure 2a is constructed with thelectrolyte to the left, the current collector to the
right, and tle electrodeelectrolyte interface in the center. The electretixtrolyte
interface forms a double layer which forms a capacitangg #6d a current dependent
potential difference (&), the electrolyteontributes a resistance (&) from ion transport,
and the current collector as well t® conductive additive in the electrode contributes a

resistance (K).
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Figure2: Circuit dagramof (a) a cathode with nodes corresponding to physical locations, (b)
equi valent circuit elements, and (c) t

Eq is dependent on the ion concentration at the active material surface and the
charge transfereaction so ithas a complex kinetic response. The charge transfer reaction
will produce a currerbverpotential relationship that follows the ButMolmer equation
which simplifies to a simple resistance at low overpotential25<mV), so it is often
expressed as such. If there is any resistive surface phase this will also be included with the
charge transfer resistance as interface resistangerl{i®e conentration at the surface of
the active material will be dependent on ion diffusion and produces a eoverpbtential
relationship described as a Warburg impedance. There are different variations of Warburg
impedance and the one most accurately desgribitive material is the finite space
Warburg impedance (W) which evolves into a capacitance at long timescales that can
maintain a potential at rest. However, at short timescales, all Warburg impedances act the
same, so Wk is sometimes simplified to standard Warburg impedance which has no
variation at long timescales and cannot maintain a potential at reRbnAasd R are two

resistances in series they can be simplified to a single ohmic resistange (R

These translations shown Kigure 2b can be applied to develdfigure 2c, a
common representation of el ectrode i mpedar

i ndi vi dual nodes within the Randl eo6s circu



within or around the electrode, the entire circuit can be used to model the impedance of an
electrode. If a standard Warburg impedance is selected, then the potential produced by the
double layer will not be contained within the circuit, but this doesmpaéct its ability to

model overpotential. An anode model is nearly the same except the polarity isf E
reversed. A full cell model can be generated by mirroring an anode model and connecting

it in series with a cathode model and combining & Ronm.
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Chapter 3: Diffusion Theory

When a current is applied tola-ion cell, lithium ions are transporteffom the
electrolyteto the surface of an active mater@l vice versaat a certain flux Transport
within the active materidrom the surface tehe interior and vice verseelies on solid-
statediffusion. This diffusion is driven byithium concentrationgradiens transporting
lithium from high concentratiotocations to low concentration locations the active
material Diffusion shrinks these&oncentration gradientsver timeencouraginguniform
concentration throughouain active materiaparticle However,whena current is applied
transportbetween the active material atfte electrolytealso occurs andconcentration
chargesat theparticle surfa@ encourag nonuniformity. As solid-state diffusion is not
ofteninfinitely fastcompared to theurface flux this can lead teignificanty low or high
concentrationattheactive material particlsurfacecompared téheinterior. The potential
of an electrodgarticleis depenéntupon the concentration ofthium atits surface and
thereforepoor diffusioncan lead to undesirablyigh or lowpotentials duringcharge or
discharge respectively This changein potentialfrom an ideal case where soklstate
transport is infinitely fast is often regarded as an overpoteitiéd.overpotentialas well
as overpotential from resistanéga source of lost energypiffusion overpotential stores
energy in the concentration gradient of the active material which is later expelled as heat
when diffusion occurswhereas resistance overpotential is just simply expelled as heat
immediately.Additionally, these overpotentiad may causehe cell voltage limitto be
reached prematurelgffectively limitingthe capacity of m activematerial.lt is essential

that cell voltage limitsare notsurpassed gsotentials that are too highr low can cause

11



degradatiorat the surface of thectivematerial even though the interior is ahare stable

potential.

3.1Impact of Geometry on Diffusion Transport

Particle shape is important to consider when measuring impedance from diffusion.
A change in concentration is first created at the surface and this encourages changes in
concentration further within the active material as time goe§igare3 shows common

geometries for modeling diffusion.

(a) (b)

-« S -
Top =H35464+ - EE@:@::
-« -« -«
-« -« - - -
Side - - i -« - i -
w P -« R -« <
< - - PN D — .

Figure3: Simplified geometriedor modelingdiffusion. The given geometries are (a) semi
infinite plane, (b) planar sheet, (c) cylinder, and (d) sphere

The simplest model is the semiinite plane Figure 3a), a volume that is infinite
in all directions except the surface in contact with electrolyte. This is the easiest geometry
to model, buin practice, diffusion cannot continue infinitely. lons transported from the

electrolyte will eventually arrive at a position furthest into the interior of the active material

12



and transport cannot occur further beyond this posifibe.distance from the electrolyte
contacting surface to the furthest interior position is the diffusion length or radiud (cm),

for circular geometries. The planar shdeg(re 3b) is similar to the seminfinite plane

but instead has two electrolyte contacting surfaces and a central plane forming the furthest
interior position. The planar sheet can alsaved to model a volume with one electrolyte
contacting surface and one noontacting surface by splitting the geometry in half along

the central plane. When ioesentuallystop at the end df, this slowsdiffusion transport

along the diffusion patiwhich caugsa greater change in concentration at the electrolyte

contacting surface compared to a sémfinite plane.

The shape afhe active materiahay cause ions to transport inwards from a larger
volume to a smaller volume or vice versa. This is the case for the cylindrical and spherical
models Figure 3c-d) which have some radial rather than linear geometry. This will also
similarly slow diffusion transport and cause a greater change in concentration at the surface

than in a planar sheet or an ideal sénfinite plane!

In practice, all active materials have finite volumes. While only the sphere is truly
finite, all geometries can be used to approximate more complex finite geometries. The
planar sheet and sphere mark the maximum and minimum bounds for the volume & surfac
area ratio (cm)@IY of all geometries with a fixed. As a result, the planar sheet and
sphere also mark the maximum and minimum bounds of diffusion hindrance for geometries

with a fixedi .

3.2 Surface Concentratiaue toDiffusion Transport
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The interplay betweetnansport atheactive material surfadeaduced by a applied
currentand transport within the active material determihe concentratiofmol cni®), @
throughout the materials i ng Fi ¢ k 6 s |henumericalsoluttbn tb thee s i o n
change in concentratipfigofa fr el a x e d dauiifsrm eoncenitratignfiniter o m
volume geometry experiencingcanstant flux or constant current (C@)lsehas been

proven to bé

Ot T
(0]

2

o3| ©

R T (1)
C C C ,

where the ascending, nozero series| and functiond | fo are defined for each

geometry as

Planar Sheet: OB1T 1| “R ¢,
S AT |Ow
© ET0°
Cylinder: 0 | T,
A O I I A
0| hw —
Sphere: |ATIO p
. - OHI®
(0] | -,
wO g |

& Yo¥Yo is the relative change in concentration, YATYn s the relative change
in capacity,0 Yi 'O Oi is the relative diffusivity, a normalized measure of how
fast diffusiontransport is compared to the surface flonpgnd0 aregeometric constas{1
and 3for a planar sheet, @nd 4for a cylinder, 3and 5for a sphergrespectively)wis the

relative position along the diffusion path on a scale from 0, the center, to 1, the,surface
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andd andv are the Bessel functions of the first kind of order 0 and 1, respect¥ely

¢ FJwis the change in concentration if an arbitrary, desired number of moles§ma])

of ions are transported and uniformly dispersed in a volum® (Gyof an active material.

YA & "O¢ "Qois the capacity (C) acquired aftemoles of ions are transported within

a certain pulse time (sYohat a current (A)/Od is the ion charge number (+1 for lithium)
"O0s Faraday 6s?),8pnsda®@ nis the(aDitrarychpacity (C) associated
with € , andO is chemical diffusivity (cris?), the material property of interest when
determining the speed of ia@hffusion. T can also be treated as relative moles transported
or relative pulse time given th3j is proportional t&¢ and Yo when'Gs constant'Gs
known to be constant because iwc flux (mol stcm?),0 & O "0y ,is defined as
constant wheréYis the surface area (émexposed to electrolytéhis dimensionless
convention and equation for describigesulting from diffusion transportagdeveloped

by Atlung, the namesake of AMID and AMIDROne of the advantages of using
dimensionless convention is that it normalizes the variables and describes pulsé&d of all
and active materials of &0 andi simultaneously as long as the active material geometry

is the same.

Figure4 showsh versus position foa variety of geometries experiencingasitive
constant flux pulsstarting from a uniform concentration. It can be seendtiast grows
near the surface of the geometries where the ions are entering and then disperses throughout

the material towards the furthest interior position at the centfanaseasesT he difference
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betweerFigureda(0 1®) andFiguredb 0 <) shows that largeralues of 0 shrink

the concentration gradient ahdtterapproach uniform concentration during a pulse.

ST
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0.8 1 — Spherical 1
--- Impedance-free

-~ 0.6

> ]

=]

G A e S R sz
02 =S =228 -
0.0 +— e #

-1.0 -0.5 0.0 0.5 1.0
y

Figure4: The relationships between relatipesition « relative change in capacity, and
relative change in concentratiah, of planar, cylindrical, and spherical active material duaing
short pulse when relative diffusivity, @) 1@ and (b)0 ¢. These relationships are

compared to the ideal, impedarfcee relationship whet © H .

This equation can be simplified to determine the change in surface concentration,

Y®, in terms of relative surfa@ncentration®d  YOFY® , by settingdy  p returning
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w T TO_ q |—, (2)

1

p Q
3

wheretheascending, nozeroserieg is defined for each geometry as

Planar Sheet: OBT 1| “R ¢,
Cylinder: 0 | T,
Sphere: |ATIO p 1

I tds unfortunat e tdnaudtbetnimerica @thenthan analytitalpbute g u a t
it is at least far simpler than more opaque numerical solutions from techniques such as the

Finite Element Method (FEM).

Despite beinghumerical,equation2 will often approximate analytical solutions.

I E® T 1, showing that ifO is infinitely fast,&in the active material is uniforand

[¢]
o has a linearelationship withYr}. This scenario is ideal as this means timenergy will
be lost, and the active material can be considered impedfiaeeWhile not obviousijt

has been shown that

pEd + AL 3)
0} )

Conveniently, all real morphologies will approximate a serfnite plane at the
start of a CC pulse applied to a Arelaxedo
only meaningfully changes concentrations within a very thin layer near tfaeeswvhich

can easily be approximated as a safinite plane® In addition

LEG Tt (4)

o
o-.
Ca
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This shows thatis Y] approache®r] , the active material eventually reaches a steady
state where & approaches a linear relationship with and & approachesa linear
relationship with¥r}. Oncethis steady statés reachegdthe pulsecan bedescribed as
ficomplet® pulsethat has reachedsit i eUsidgdhis terminologya pulsethathas been
stopped befora steady statkas beemeacheds said to havédeen stoppebefore it has

reached its end.

Figure5 shows thathe simpleanalyticalequations3 and4 form the lower and
upper bound$or the otherwise more complex numerical equallowhile the sphere has
the mostdiffusion limitation fromshrinking volumesalong the diffusion patlnd most
quickly deviates from equatid@) it is the ideal geometfpr minimizing® deviationfrom
the impedanceree scenariodue to itsdecreasedyf"Y The difference betweeRigure5a
(0 T®)andFigure5b (0 ¢) shows thakargerD is more desirable to liméb deviation
from the impedancdree scenario Lastly, Figuresba ard b have the same shapeut
different size.These two graphs could be describing the same pulstsvith a different

¢ desiredmolesof ions to be transported.
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Figure5: The relationshipbetweerrelativechange ircapacity T, andrelativechange irsurface
concentration® , of planar, cylindrical, and sphericattive material during shortpulsewhen
relative diffusivity,(@)0 T® and(b)v ¢. These relationshigare compared to the ideal,

impedanceree relationship whet © H . The inverse quadratand lineadashed lines, where
visible, represent the lower and upper limitsdorast approaches 0 arig.

3.3 Capacity Limitationdue toDiffusion Transport

Poor diffusion can caughe Yo to reacha certainlimit definedby a voltage limit
stoppinga pulsebefore significant utilization of the interior of the active matefidis is

becauséhe potential of the active materia determined byb. This limit can be defined
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aswhen Y& Y& andin dimensionlessconvention,defined aswhen&® 1+ p.

Inserting this into equatiahgives

1

O:|©
Q

p T == ¢ — (5)

51

which gives arelationship betweed and T for whenthis limit is reachedIn the same

manner as equatie® and4, this relationship can bgiventhe bounds

M (6)
o “v
p

P T 55 (7)

Figure6 showsthis relationship and its bound&hen0 is significantly smallthe
relationship approaches equati®iior whent is smallandthe limit is reachednear the
startof the pulse whetthe internalkconcentratiorgradientis still being developedrhis is
undesirables a smalt meandar less thathe desired  moles of ions were transported.
Alternatively, when0 is significantly large, the relationship approaches equatitor
whent is largeandthelimit is reached near thendof the pulse whethe active material
has reached a steady stdte this case, nearly all the desired moles of ionsare

transported.
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Figure6: The relationship betweeelative diffusivity, 0, andrelativechange in capacityr, of

planar sheet, cylindrical, and spheriaative materiad when arelativesurfaceconcentratiorimit
p, and a pulse istopped Theexponentiabdashedines represent thapperand

is reached
lower limitsfor T ast approaches 0 arfdf".

3.4 Impedancealue toDiffusion Transport
In an ideal impedancdree scenario, the&oncentrationthroughout the active

hincreasedrom 0 to lequivalenly with t as
can be defined as

materialis uniform andtheideal @ , @ j;
1). The differencédetweenid andd j

shown inFigure5 (& j
can also be calculated by simply subtracting from

WDF O QF . 0f
equation2 to get
. P Q
h ~ x - 8
wp T 50 8 C | (8)
Next, this can be converted out of dimensil@ss conventioto get
y
Vor Yo —2 P 2 (9)
W W2 s X -
n Oaud® o S |
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where Yoo is the nonrelative difference in surface concentratidrom an ideal
impedanceree scenarioThe & of an active materialetermines its potenti&V), ‘O, so

Y& implies a difference iiDfrom an ideal, impedance free scenafibe relationship
betweern andOfor any active material is complex but can be simplified to a simple linear
relationship(V cm® molY), Q ‘@Q ¢if the Orangeis small enoughAccordingly,®d;  can

be converted inta diffusion overpotentia(V), — , for a working electrodas

g 20 Q 10
Qb aw 6 ° '

<

where positive'Gs nowtreated asurrent drivingpositiveionsto leawe the active material
the typical convention for working electrodé@ @Q ¢is not a commonly usednetricin
cell analysisut differential capacitfC/V), Q fQas. ] & 'O @ o is the capacity
of charge stored in the active material of the working electrode véherés the fully
saturatedconcentratiorcorresponding tmo charge being storedd ‘O O is thetotal
voltage (V) of a cellwhereO is the ptential of the working electrode an@® is the
potential of thecounter electrodd hisstudyuses a half cell arrangement where the counter
electrode is lithium metal andiill treat O 1L B "T0 "Q Therefore Q ifQ w

& '@©Q @O ‘OWith this, equation10 can be further simplified to
Q

S (11)

non QN |
0 a5

o “Oi
- Yo

|©

o
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The relationship betweeMo and— retairs the sameshapeas the relationship
betweentandd shown inFigure5. Conveniently, related tequatiors, after a long period

of time, equatiori1 can be simplified to

S el ‘Oi

yIOEI— Yo aao'Q_ﬁ (12)

Qw

Even more conveniently, this chefurthersimplified as
Y i —i 13
h . . Q_r’l ( )

°Fqw

where Y j is the terminal diffusive resistand@) given thatw “OYThis is

particularly mpwerful as this means thahe impedancerelated todiffusion can be
approximated as a simptesisancegiven a long enough period of timehis hasa very
practical appcation as it can be used to prediltage polarization for long, CC

charga/discharges or the maximuroltagepolarizationfor intermittentpulses.

3.5 Combining Diffusionimpedanceand Resistance

Diffusion is not the only source of impedance in a ¢eipedance can come from
a variety of sourceom electical resistancen the current collectorandthe conductive
additiveto ionic impedancen the electrolyte both in and outside dhe electrode pores
andreaction impedancat the electrodelectrolyte interfacedn addition, many of these
impedance sources apaired with capacitances such @dsuble layer capacitance at the
electrale-electrolyte interfacg andparallel plate capacitanaross the two electrodes

within coin cells.The impedance of the opposing electrode carnghered if using a
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reference electrodand theelectrolyte impedance inside electrode pores can be mitigated
by usingthin electrodecoatings Thin electrodes amplify active material impedesby
reducing the total amount of active material, similar to how thin wires produce more
resistance. These impedances are diffusion impedance, which is dynamic on long
timescales (A s), and interface resistané, which is effectively instantaneous on long
timescales. Bmainingsources of impedancare mosty negligible resistancesy
electical contactresistanceand ionic electrolyteresistancewhich are also effectively
instantaneous on lorgmescalesAlso included is ionic electrolytdiffusion impedance
which can be dynamic over long timescales with significantly thick separators, but is
effectively instantaneous with standard, commercial thin sepatéfbinereforethesecan
simply be treated as a single resistgnCé Y Y , producing a resistive

overpotential-  OY

In practice~ canlimit Y1 furtherthan— aloneby allowingavoltagelimit to be
reacheckarlierthanwhend T  p. In this casethe limitcan be said to beachedvhen
relative change in voltage®dt p. @t Yo Yo - Yo — TYo , where
Yo Yo YR'QFQw s theideal, impedancéree change involtageafter a certain
period of pulse timgandY® ¥4 'QiFQw isthe total change in voltagem the

initial voltage to the voltage limiEvaluatng thisequation returns

ot t 2
0

Q OYQFQ &
| 2 '

O:|©

(14)

CA
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This equation is very similar togaation2 except for the inclusion & new termat the

end. This new term can leenverted into dimensionless urés

ot 1 2
(0]

O:|©
(@)

l 0 15
C 61 ( )

[y

whered YOI 'QifQuw is therelative resistancea variable comparing— to — |

similar to a Biot numbetWhen0 L pX0 § Y1 is primarily limited by— , and the last
term can baneglectedo simplify theentire equation back tayeation2. However, when
01 pTo 4§ the last term itarge,and¥n is primarily limited by— rather than- . Setting
®1t  pgives the relationshipetween) and t for when avoltage limit is reached,

P T =

p Q
oL O

L 16
c l’?ja ( )

(el

similar to equatiorb except with the addition of the last term

Figure 7a shows theelationshipposed byequationl15 and Figure 7b shows the
relationship posed by equati@f. Increasing) increases- and reducethe proportionof
T capable obeing transported beforevaltagelimit is reached Additionally, Figure 7b
shows that increasing changes theelationship betweeti andt from a pseuddogistic
shape to a pseudexponential shap&Vhile the shape of the curve changes significantly
with small 1, the shape of the curve remains the same at larddis is because
approximates— when T is large and the difference betweer and — become

indistinguishable withounformation from earlier in the pulse.
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Figure7: The relationshiga) betweerrelativechange in capacityt, andrelativechange in
voltage @, of a cell during ashortpulsewhenrelative diffusivity,0  p andthe relationshigb)

betweent and0, when a voltage limit is reached, p. The active material igivena pherical
geometry andelativeresistancey, is varied to show the impact of resistance

3.6 Impact of Diffusion Length Variatiodue to a Particle Size Distribution

The mathematical model fampedanceesulting from diffusions designed for a
singlegeometrybut caneasilybe scaled up foan ensembl®f geometrief identicali

keeping in mind tha®r), £, andwshould represent thetal values for the entiensemble
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However, in practicegeometries such as active material particles often have a measurable
variation ini . This presents a problem becaassembles ajeometrig with varyingi do

not experienceonstant fluxthroughout a pulsehich is essentiafor this model While

flux is equal forall geometriesat the start of a pulsdlux at the end of the pulse is
proportional tahe wf Yof a geometrpecause th&f each geometry is proportionalite

f and thereforen. This means larger particles increase in flux anthller geometries
decreas@ flux throughouthe pulse. Despite not being able to devaa@ompletesimple
mathematical moddbr the impedance of a pulse upon active material aidlistribution

ini, thebounds foipulses thastopnearther start and endith active material ofarying

i can be calculated’hese bounds are simply the origiegluations and7 with different

averagei values, i[ as inputs Thesei[are calculated as[ Bi 7Bi andil

Bi 7Bi 4 for the start and end afpulseespectivelywherei isi for anindividual
geometry (sed@roofk Al and AJ. Figure 8 shows the impact o theoreticabimodal
activematerial on theelationship betweet andt. The theoreticabimodal active material
used in this modes composed of spheresioéqual tol arb. units and 3 arb. unitsina 1:1

f ratio. Thei used to calculat® for this bimodal active material is calculated as the

B z

capacityweighted geometric meaasi[ p 1 ° . The multiplicative change irD
between theniform and bimodal model can begared as a) -shift calculated asi [fi [
or i[fi[ . While the complete model for bimodattive material cannot be plotted,is
clear that it wouldhot differ from auniformi active material by @ramaticamount. All

active materials analyzed in tlegidy have less particle size variation than ttesretical
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model, so while particle size variation mayd some error to the model, the model is still

reasonably accurafeeeTablel).

1.0 T
= Uniform r
--- Bimodal r
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o
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Figure8: The relationship between relative diffusivity, and relative change in capagity for

uniform and bimodaspherical active materials whermsarfaceconcentrationimit is reached,
p, and a pulse istopped The bimodahctivematerial iscomposed o$pheres ofadius 1

arb. unisand 3 arb. unitin a 1:1 capacity ratidhediffusion lengthi , for the bimodahctive

&
material iscalculaed as the capaciyeighted geometrimean The dasted lines represent the
upper and lower limits fot ast approaches 0 arfl'.

3.7 Interface Contact Resistivity
While not all resistance in a cellssurced from the electroddectrolyte interface,

an overwhelmingportion canbe, especially in cells designed with little active material

mass loadinglf it is believed that the overwhelming majority measuredy is Y hthen
Y'Y This describes the

that'Y can be normalizeds contact resistivity(q cn), ”
resistivity ofcurrenttraveling through a film of unknowor infinitesimally thinthickness

andis separate fronbulk resistivity (q cm), which describes theesistivity of current

traveling through a bulknaterial, angheet resistandg| ), which describes the resistivity
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of current traveling along a film of unknown thicknés# the context of active nterial,

is calculated as

0'Ya

? Y'Y T (17)

whered is the masgg) of the active material anitl is thedensity(g cn?) of the active

material.

3.8 Chemical Diffusivity vs. Tracer Diffusivity

While it is commornin literatureto reportlithium diffusionin Li-ion cells asimply
A Ldi f f uthdrevsi noreg thaone kind ofO measuremerdnd differentiating between
them can be valuable for understanding the mechanisms of diffukiam.isotope ofa
soluteis used as a tracer tcack random particle movement inuaiform concentration,
tracer diffusivity,O is measuredThis is different fronchemical diffusivity,O , which is
measured by observindné transport of a solute from a high concentration to a low
concentrationThese two are the sanredilute concentrations/hereall solutes have the
same atomic environmeanddiffusion from a high to a low concentration is driven solely
by solute particles independently moving at randdimwever, in concentrated solutions,
O stays the same, bi@ changes due to solus®lute interactionsiot present in dilute
concentrations These solutesolute interactions cause solutes to have the different
enthalpies at different concentratiossd this difference in enthalpy can drive or hinder

diffusion from high to low concentrations

Therelation between chemical potentfdmol™),  , and®is known to be
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CO 0 QYAR 0w, (18)
where’ s the intrinsic chemical potenti@l mol?), 0 is theAvogadroconstant iiol %),
Q is the Boltzmann constantK™), "Yis temperature (K)and' is the activity coefficient
In dilute solutions is constantin concentrated solutionsolutesolute interactions occur
' is not constanandthe relationship betweenandis complex Active materialoften
have a complex relationship betweeand®becauséons are typically storeih solidsas
concentrated solutionghis is easily observed in-w plots of active materialswhich
typically do not show a logarithmic relationshifhe ®lute-solute interactiong active
materialoften present themselvaschangsin occupatiorsite enthalpiesdue tostructural
distortiors at differentc® The relationship betwee® and’O is described bypar ken 6 s
second equatiofor a single phase mediym

QAR @

Ow 0® p —m— , (19)
Qa &

whereO 'O whenl is constanat dilute concentration’€ This can beonverted into an

equation with more practicahriables Taking the derivativef equationl8in terms ofc

gives
Q' 0QY QAR ® -
Q0 Qe (20)
which sharghe conversionterrgi ven i n Dar ke n@venths,equationd e qu a

19 can be simplified to
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0 ® 0O G e
(A) (A)TQ.,YQ&)

(21)
and given thafQ 3ARA OO n n,and O [0, wherenp is the
theoretical capacitgapable of being stored given complete saturation and desataadion

f is the elementary charge (@)can bemadeto useQ ifQ cas

& ,
ofn opdO 1 (22)
While O is the relevant diffusivity measurement for describing ion transptnein

active material of a cell under operati@,hasarelatively simplederivation modeled by

a random walk

o) 5 Q (23)

where®is the distance between two occupation gjtes), @ is the concentration of a
completely saturated active materiald] cm®),  is thevibrational frequencys?), 6 is
the dimensionality constan® for a layeed oxide whereions are able to transport in 2
dimensions)and YO is the activation energgd) of an occupation site hdg.The p
¥ term is included taccount fothe chance that asccupation site hojs blocked by
the destination occupation site being already occufieid termis equivalent ta)m

It can be valuable tiemove this term téorm a new measurement of diffusivilQ;, free

pathtracer diffusivity,
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&’ y
(0] C—é'Q , (24)

which describes diffusion transpdur a solutewith a uniform candno occupation sites
blockedalong its path of travel. This measurement is radistract butan be calculated
andhas powerful implicationsThe only value in its derivatiothat is expected to change
significantly for a activematerial at differenstates of charge ¥'0. In this mannerQ’

can be used asproxy to measure chargja YO at different states of chargé.O’ stays
relatively the same at varying states of chahisuggest that'O is unchanged, but ®

shrinks significantly, this suggests th#O has increased significantlfhe relationship

betweerlO andO is

P
on 0O . YQn (25)
ROTR
Lastly"Y can be calculated in terms of site hopping using equatidna2, and23
returning
A
! coQ™Q i
Y n — T (26)
cann p m— o
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Chapter 4: Prior Methods

AMID was developed by Marc Cormier, Eniko Zsoldos, and Nuttaphon

Phattharasupakumhich lad the groundwork for the development of AMIDR.

4.1 Galvanostatic Intermittent Titration Technique (GITT)

GITT is a commorsinglerate pulse method formeasuringO . This method is
relatively easy to usbecausehe active material isnodeled as a sermfinite plane
allowing for thevoltageresponseanalysisto be basedn equation3 which isarelatively
simple analytical solutianHowever, active materials of various morphologies only
approximate a seninfinite planeat the verystartof a pulsevhentransportonly occursat
the very surface of the particeoGITT requires theinequalityYoL i FO to be true for
the approximation to be accuraiecause this inequality relies @, the value whose
accuracy is being testetthjs inequalitymust bepassed by a very large margnot suffer
from the inequality circularly provingself. For instanceit has been showior spherical
particlesthatif Y80 Ti T®, themeasured value will be underestimated by a factor
of 102 Because a user would use'O value calculated by GITT check tie inequality;
theinequality would be calculateas Y50 Ti 1@t avhich an inexperienced user might

consicer as acceptahle

While this may make it tempting fwerform GITT with the Bortest pulses possihle
this can also be problematic ather sources of impedanesd capacitive effectare
dynamic andelevant on short timescaleBherefore, accurate GITT measurements must

be performed within aertain window oo that is not always easy for the user to predict
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and is very unlikelyto bethe same at all states of charge of the. éadditionally, it is
possiblethat under certain conditionssuch as wherO is particularly high ori is
particularly smallthis window is shrunlout of existence and there is no availa¥ithat

will produce an accurate resgilt.

4.2 Electrochemical Impedance Spectroscopy (EIS)

EISis acommon alternating curre(AC) method for measurin@ . A sinusoidal
change irvoltage(potentiostatic EISpr current(galvanostatic EISat various frequencies
is appied to a cell and thalternatingcurrentor voltageresponse is analyzeespectively
The responsat various frequencies is calculated into real and imaginary impedance values
andcan be made to fit various circuit models tinatudesome omll of the various sources
of impedance and capacitance. The sources of impedance and cap#uiaicedynamic
on short timescales impact thresponse ahigh frequencie anddiffusion, which is
typically relevanton long timescalesmpacts the response at low frequendiesause all
elements are being fit simultaneously, Bissnothave the same troubheeasurindO as

GITT doeswhen'O and otheimpedance sources are relevant at similar timescales.

Diffusion isvery oftenmodeled with a seminfinite planeas thetypicalfrequencies
usedare not low enouglfor the concentratiorbeyond the particle surfade be altered
meaningfully.While it has been shown that witignificantly low enough frequencigthe
impactof active material geometgnimpedance&an be measurethd accurately modelgd
t hi s comraom as low frequencies take longer periods of time to be measumed.

addition very low frequencies suffer froamplified errothat must be carefully managed
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This error may bentroduced by trying toneasurezery low currentgor potentiostatic EIS
applying currents for verlpng periods of time adjusting ti®Cfor galvanostatic ElSor

cell agingfor either

Acquiring O measurementstaa high resolution versu§SOC can also be
challenging Betweereach measurement, a puésel a significantly long rest must first be
appliedto adjust th&sOCand allow the cell to rela¥achEIS measurememhayalsotake
a significant amount of time ibwer frequency measurements are desifed.instance, a
single 1 mHz measurement consisting of 10 periods will take greater than 2 Haars.
means that measuring a single cell may &@kénfeasible amount of time considering the
availablity of EIS capable instrumesntSince multiple EIS measurements already require
pulses for transitioning SOdgsificant time could be saved by using a methodukibzes
these pulsesas the source of the measurement datimg simpler, noElS capable

instruments.

4.3 Atlung Method for Intercalant Diffusion (AMID)

AMID is a multi-rate pulse method for measurii@y developed in this labAs
shown inFigure9, AMID is done by performing a series of pulsesl restat pragressivéy
slowercurrentsall with the samevoltagelimit. The startingvoltageof thefirst pulse and
the voltagelimit define thevoltageinterval of a singleO measurementAfter a single
measurement, the process is repeated for a new voltage infes\véile last pulse in an
intervalhas a vergmallcurrentthat producesery little overpotentiglthe startingoltage

of afirst pulse is very similar to theoltagelimit of the previous intervalThe voltage
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interval is used to define théo for & andtotal change iapacity of the interval is used
to estimateyry  for t. Thechange in capacitiyom the end okach pulse comparedttte
start ofthe intervals used to definthecumulativechange in capacityyj , of each pulse
YR is approximated a¥n for T when® p. Giventhe selection of spherical geometry,
al value measuredith SEM imagesandthe “Ovalue corresponding to each pulshe
data is fit toequation5 usingO andYfy  as fitting parametenwith the error int being
minimized(¥Yf} s a fitting parameter becaue total change in capacity for the interval
will be somewhat less thafj ). The’O valueacquired isecorded as representatiice

that interval.

3.950 - T . -

1 — single interval /
3.925

3.900 4

3.875 1

3.850 -

Voltage (V)

3.825

3.800 4

3.775 A

3750 +—+—+—r—-"4b—"—7——7———
0.11 0.12 0.13 0.14 0.15

Capacity (mAh)

Figure9: Example of a portion of an AMID protocol in discharge. A single interval composed of
descending pulses and ascending rests is highlighted in red.

The approximation otf} asYn has been shown to be a reasonable approximation
for low currentpulsesthatd o rresult in a smalt.* This is because becomes constant

and approximatesn— at the end of a pulsghent is large Once— has reached a steady
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state it does not mattavhen the pulsstarted— will be thesame angthereforethe Y1
acquired at theoltagelimit will be the samas¥Yr). AMID limits the influence of highO
pulseswith dynamic— by weightingeach pulsdéy thesum ofthe— of all other pulses
in an interval.Unfortunately, pulses witdynamic— are importantor differentiating—
from — . AMID cells are designed to mitigate othewurce of impedancehrough cell
build by selecting lonimpedance electrolyte anldw mass loading electrodes to remove
electrolyte impedancwiithin the electrode pores and amplify. Unfortunatelyreducing
electrodanasdoadingalso amplifiesY by the same proportional amouinhis means that
AMID will have a systemic error foall active materials with a high'. Additionally, the
voltageintervalsfor AMID are typically rather large (0.1 V or greater) limiting tR®C

resolution.
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Chapter 5. Atlung Method for Intercalant Diffusion and Resistance
(AMIDR)

AMIDR is a newmethod for measurin® similar to AMID but with a series of
modificationssuch as the use of a GI¥lIyle,singlerate,iterating pulse and reptotocol
shown inFigure 10, and a novelapproach for accounting foesistance Exact details
necessary for replication of this study are availabl€hapter 6 Experimental whereas

design considerations are given within this section

3.61 T T T
1 — single pulse + rest l

3.60 - ; : . /
3.59 -
3.58 | | FESEE

3.57 4 /1/
3.56 - /

3.55
] /
1/l

3.54 1/

Voltage (V)

] i i I I
] 1 1 | |
3.53 F—————————————t
0.180 0.185 0.190 0.195 0.200 0.205

Capacity (mAh)

Figure1O: Example of a portion of an AMIDR protocol in discharge. A single descending pulse
and ascending rest is highlighted in red.

5.1 Cell Design

AMIDR cells are quite similar to AMID cellsn that they haverery low mass
loading ancelectrolyte selected to reduce impedamdass loading is reduced to the point
that the current collector is somewhat visible beneatleldwtrode coating. This ensures
thatthere are no particldayered on top of each othlemiting the electrolyte impedance

within the pores to be negligiblén addition, it also reduces trective maerial mass
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amplifying the active material impedance sourcesffusion impedanceand interface
resistanceThese very low mass loading coatings can be achievedduging theactive

materialsolventratio and selecting gery low-profile coating blade.

Different from AMID, AMIDR cells typically use a reference electrod€&he
reference electrode allows tl®unter electrode impedance to be negleetddch is
valuable asthe counter electrodgypically has impedance that develops arsimilar
timescaleasthe working electrode impedanaed thereforecannot baneglecedassimply
Y. The reference electrode selected is 5 0Au svine insulated with a € npolyimide
coatingoften referred to a microeference electrode{RE). After cutting andstripping
thepolyimide coating oreitherends of the wire to allow for electrical contgatte wireis
threadednto a coin celtluring thecell build procesgseeSection6.3for additional details
Once the cell is builtthe rdéerenceelectrodemust belightly lithiated to produce a AulLli
alloy. This alloy has been shownpooduce a stable0.31 V vs. LI/Li° which allawvs it be

used as a reference electrdéde

5.2 Testing Apparatus

The reference electrodhas very little contact aaewith the electrolyte which gives
it a significant amount aksistance and very little double layer capacitance mt@gace.
This means that even a small amount of indungdentfrom ambientelectromagnetic
radiation will contribute to a very large changehe measuregotential In this manner,
the reference electrode can act like an antenna unless properly shiéldexhly way to

ensure that the reference electrode does not prahycenduced current is to shield the
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entire cell andill its wiresup to the cell testeiThis can be done witbhielded cal@sand
aluminum foilattached to a grounid combination withan insulatingnvrapping material

such as nitrile gloves to prevent shorts grnalind loopgseeFigure14).

AMIDR cannot be performed accurately on just any cell teSter.cell tester must
be able to applgnd measura curremwith reasonable accuratyl ¢ Bujgreat stability
(= 1 nA) within a perod < 0.1 sfrom the start of the puls&his is because while AMIDR
will work with any current small enough, thaturrent needs tobe kept stableand
measurabldor the assumption of constant flux at thetive material surface to be held
true.Similarly, the cell testemust be able to measure and recaitiage at high frequency
(< 0.19) andgreat accurac{+ 0.1 mV). This voltagemeasuremerdccuracy requirement
can be compensated famith even higher frequency measuremdmtsaveragingvoltage
measurements together to produegeltage measurementwith less noise. These
requirementsave beenleterminedor coin cells with Li layered oxidactivematerialand
the requirements migimeed to be adjusted for difart cell formats and active materials.
For instance, aery low massloadingpouch cellwill likely not requiresuch lowcurrent
accuracyandan active material withapidly changingmpedance over a small change in

voltagewill likely requiremore accuratgoltagemeasurement.

5.3 Data Analysis

Rather than using a multate pulse protocol like AMID, AMIDR uses a single

rate pulse protocol similar to GITT. This allows for a greater resolutidd ofver SOC
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Additionally, while AMIDR is still based upon the mathematidsscribed by Atlung

modificationis madeto account forY.

While it may be tempting tdefineYw asthe total change iwoltageof the pulse
andsimplyfit ®overt of a single pulse to equatid® as shown irfFigure7a, this equation
is not well suited fofitting. Firstly, theinitial slope of over 1 is infinite meaning that
any slight error inf due toerror incurrentmeasurement aell capacitiveeffects will result
in a massiveerrorin @ which is an issué the fit is produced by miniming error ind.
Secondly,T and & are much largetowards the end of the pulsghich mears that

minimizing error int or ®will give significantly more weightingo the end of the pulse.

Instead,Yo is defined as the change in voltagem the pulse start for each
individual datapoint and theotal datasets then fit to equatiori6 as shownn Figurella
andb. In this manner®d T p is set foreachindividual data poings ifeach data point
reachedts ownvoltagelimit. For c| ar i t y 0 s toehangeea fewiartablei s h e |
names Y1 QFQoYw can be rewritterasY]  'Q fQ Yo where¥n is the
ideal impedancdree changein capacity correspondingto Yo, the actual change in
voltage of every point0 andt are now redefined @s Y40 ‘O1 andt YAIYR.

Q fQ cis calculatedisQ FQ o YA T¥Yw whereYy andY® arethe changein capacity
and voltagdrom thestartof the pulse tdheterminationof the relaxation periodfterthe
pulse In this manner, thecalculated Q fQ wis free from impedance angurely
thermodynamially determinedGiven the selection of spherical geomeand ¥1j as the

change in capacity for each poittie pulseis fit to equationl6 usingd andd as fitting
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parameters with the error frbeing minimizedThen, given & value measured with SEM
imagesand'Gor the pulsé s ¢ UYrand® rare ¢alculated.astly,ion saturatiorandO’
can optionally be calculatedth the assistance oégular mass loading cell dataaccount

for poor active masaccuracywhen using low mass loading cells.
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Figurell The transformation gbulse data to optimize fitting accuraitgm (a) a pulseplotted
with widely recognizablexes ofchange in capacifyr}, andchange in voltage/w, to (b) the
same pulse plotted witlixes of relative diffusivityd , and relative capacityt, which is much

better suited for fittindpecauseall periods of the pulsare equally weighted.
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This methodusing euation 16 is much bettessuited for fitting as the greatest
change inf overchange irD is notvertical mitigatinganyerror int produced byerror in
0. Additionally, because erronit is being minimized andl is a normalized measurement
of capacity, equal weighting is givéhroughout the pulsd.astly, spherical geometry is
selected as mosttive materials have a form that is more spherical than it is cylindrical or
planar.Technically, layered oxidemight be better represented as a series of cylirafers
varyingi asdiffusion primarily occurs within the layers of the lattices. Howgdee to
the inconsistenflux that thesecylinders experiencdue to varying , this representation
cannot be explained by tkample mathematal modelpresented in this studiRegardless,
there is radtively little difference(less than a factor of etween the values oD
measured by fitting to a cylindrical or spherical model because there is reldititiely
difference between the valuestofor a cylindrical and spherical modas$ seen iffigure

6.

All of these steps ofinalysisas well aglata visualization tools asemmbined into a
user friendly, pythonprogram designed to allowusers with minimal programming
experience toun their own AMIDR experiments andpidly analyse AMIDR test files.
This program is builbff the AMID framework andhereforecananalyze AMID test files
as well In addition, it also includes a series of optional features to helpcelittester file
format conversiorfjtting of erroneous datand everthe ability to analyse AMID datasets
with AMIDR mathematicgeven though this is typically not recommenddd$o included

within the package containing this program are the dataesatged within thisstudy, so
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that a new user can practice the analysis prpaesisan experienced impedance expert can

verify the results presented here.

5.4 Protocol Design

AMIDR analyzes a series sfnglerate discharge pulses followed by a series of
singlerate charge pulseafter 1.5 cycles offormation (sed-igure BL). This protocolis
split between multiple protocahstructionfiles due to cell tester limitations but also
allow for someflexibility during the entire testtach of these instruction protocol files
produce oneresultsfile each thaggetcombined within the AMIDRporogram. AMIDR is
designed to perfornoenparison between charge and discharge results to confirm accuracy
Thisdoes not necessariljhave to bainiquefor AMIDR . While many papers simply report
discharge results for GITT,@mparison otharge and discharge resudtaild alsobe an
easy waya lot more confidence BITT results Singlerate pulses requitbreeparameters
to be selectedvoltagelimit spacing the pulsecurrent and the relaxation time between

pulses.

Decreadng thevoltagelimit spacingncreases the total number of pulpesviding
moreresolutionbut alsoincreasesest time. There are also hard limits to vieétagelimit
spacing The voltage limit spacingmu s t be substantially | ar ge
voltageresolution fordd ¥  p to be accurate. Alternatively, thmltagelimit spacing
must be small enough for tEefQ aof theactive material to be consistent throughout the
pulse.If two adjacent pulses have a significant differencifQ ¢then there is likely a

large change df ifQ awithin each pulse as wel\ goodrule of thumb is that th® fQ w
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of a pulseshould nodiffer from a proceeding asucceeding pul€e’ € ifQ daby a factor of

2 or greaterThis means that AMIDR struggevith measurind® when'Q ifQ acthanges
rapidly over a small change i On ar)-w plot these troublesome areas appear as plateaus
which areassociated with phase chang®se strategy for dealing with the$eo plateaus

may be to set aapacitylimit in addition to avoltagelimit, but this was not attempted for

this study.

Increasingcurrentdecreases the total test time, butrentmust be set low enough
that a compl ete pul se | soltagdinitiisereaehdd. Thigis t h e
roughly defined as wheh 1@, but largerf values are even more accura@®nsidering
equation7 which describes the lower limit fdras a result ob , the maximuncurrentimit
can be estimated & T®0 6 O Fw Oi whereYo can be estimated as the
voltagelimit spacing This means that reducing theltagelimit spacingalso reduces the
maximumcurrentthat can be applied increasing test time further. Additionallyrent
may need to be reduced further for cells with higbistanceas this can also cause the
voltagelimit to be reached prematurelvhile this does mean that somparameters need
a broad estimate @ before testing begingke GITT, it is unlike GITT in that there is a

processndependent 0O to detect if thgparameters an@adequatafter testing.

Decreasing relaxation time decreases the test time, but relaxation time must be long
enought o0 ac hi e voeelaxatowComplete retaxation, like complete pulses, is not
100% achievable, but can bgpeoachd to a satisfactory level. The amount of time it takes

for active material to relax to a uniforroncentrations comparable to the amount of time
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it takes foractive material to reach a steady state during a plitégis useful because this
means that relaxation times that are at least as long as the complete pulses prandeding
succeedinghem allow for adequatelaxation. Foexample, the recommended relaxation
time for active material measured with 80 C/80 pulseslisiour as each pulse is expected
to last for about 1 howith some variance due to changigfQ wlt is recommended to
set the relaxation time somewhat longer for actiaemak with significant change in

Q ifQ uas pulses completed whénifQ cis high will be longer.

It is recommended to first determine the deswellagelimit spacingand then
select appropriateurrentand relaxation timedependent on this voltage limit spacing
These parameters cahso be adjusted for different ranges $OC For instance, it is
recommended tase smalleroltagelimit spacingfor ranges of SOC whef® changes
rapidly and smallercurrentand longer relaxation timdsr ranges of SOC wher® is
small In thisstudy, a different set of parameters were selected for active materials at low
SOC to compensate for the rapgidcreasén ‘O typical for layered oxideéseeTable2).

For novel materials, AMIDR may have to be run multiple times to tune in each
measurement over SOC, but the parameters selected for this study should be adequate for
layered oxidesEspecially smallvoltage limit spacingand current are recommereti
specificallyfor charging pulses at low SOThis is becaustne initialpoorO at low SOC

can causehe first few charging pulsesto hit their voltage limits rapidly producing
incomplete pulsewithout enough pulse time for the SOC to change substantially
Eventually a pulsewith a voltagelimit outsidethe low SOC range occugoducing a

rather long pulsehat charge the cell until it is well outside of theow SOC range.
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Reducingthe voltage limit spacingallows for more low SOC pulse to be performed
allowing for morecapacityto be drawnnsidethe low SOC rangeithout thevoltage limit
reaching todar outsideDespitetailored parameter selection for low SOC, the lowest SOC
pulsesduring charge or dischargee generallyiot complete pulses duettwar very poor

O . If a usercandetectthatincomplete pulses are being measured during discliirge

@), it is recommended ftinish thatsection of the testnd start th@ext charging protocol

with a full relaxation stejn betweenLastly, changingrotocol parameters within the test
allows for an additionaimethodof confirmationof results. If results remain continuous
when protocol parameters change this informs the user that the protocol parameters are

adequatend do not contribute error to the results.

It is desiredto evenly weigh thepulse datapoints from the start to the end.
RegardingFigure 6, this suggests that a logarithmic distributionbof/alueswould be
optimal forsamplingwith even weighting throughouEonsideringd  ¥3°0 Oi  and
YA 'QFQ wYe, this suggests that a logarithmic distributiwfYr} and thereforé/e
would be ideglbut this is not entirely feasible with most cell testdtest cell testers do
nothavean option fordesigning protocols witlogarithmic sampling rateendthevoltage
resolutionof the cell tester might not be accurate enaagbroperly triggerecording of a
datapoint, especiallwhenvoltageresolution is being compensated for d&yeraging of
high frequency datapointBecause/r] and¥Yn only vary by a factor ot and¥ry "09,
time samplingis an adequate replacement fmitage sampling ¥j and ¥ can vary
significantly on a logarithmic scaleshen T is very small, but the error ifi is also very
small whent is smal| so the impact of anfi o ver s a mp | ewillobe mkgligitdep oi nt s
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and not be consequential to the entire NMbst cell testerslo not have an option for
logarithmic time sampling either, but this can be approximbyeasing a series of step
to approximate a logarithmic distribution. More specifically, a protocolbsadesigned
with aseries okeamles€C steps sampling every.1 sfor 1 s, every 1 sfor 9 s, every 10
s for90 s, and so orThis gives a datapoint distribution similarttee tick distribution on

a logarithmic plot andnacceptablyequal weighting of datapoingross the entire pulse.

5.5 Error Management

Not all cellswill return accurate results and cells ¢aihbefore testing even begins.
Because coin cells are not designed with Au wire reference electrodes in thend
reference electrode can often be the source of cell faituselecommended to builtiree
times as many cells astendedto analyse due to the relatively high but manageable rate
of cell failure.Firstly, the reference wire may be snipped duringctiecrimping step due
to the pressure required to seal the &sdlcondly, the indation surrounding the reference
wire may be pierced as well leading to shorts between electibuese can either be hard
shortscouping thepotentialsof two electrode together or soft shorts which may not be
immediately apparen®ccasionally, delithiation of the reference electrode can be observed
when thereference electrodeotentialstrays far away from0.31 V vs. L1/Li° and self
discharge of the cell can be observed wierterminationsof rest period$or charge and
dischargedo not alignon an-w plot (seeFigure B). It is likely that these are due to soft
shorts within the coin cell and should be checked before further ana&ymsking for

sources of erraand outliergs formal part of the analysis processhe AMIDR program.
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Analysis of quality cells will almost alway®turnsomeerroneous pulseJhere
arethreeways that erroneous pulses can be deteEiestly, the pulse dataaynotbeable
to fit to the model within thdit parameter boundsThis may le due toa multitude of
reasondut most commonly occuis extreme examples ofétother twovayspulsesmay
be detected as erroneo&&condly, gnificant changes i fQ cduring a pulse can lead
to inaccurate fitas the model expecs ifQ cio remainconsistentseeFigure B3). Thisis
detectedoy comparing thé ifQ cof pulseswith the Q ifQ aof their adjacent pulses.
there is a difference i ifQ aof a factor of 2 or greatdretween two adjacent pulsésis
recommended to ignore both puls@siditionally, it is also recommended to igndiree
first and last pulse as the@ ifQ acannot be ensured to be steady. Lasfly pulse is
stopped befordliffusive impedanceeaches a steady state then that pulse is considered
incompleteand should béynored(seeFigure BY). This isrecommendd to be wheithe
pulse ends witht 1@®. This pulseremoval process can be done within #iglIDR
programand the maximum factor oX) fQ cwchangeand the minimumf can also be

adjustedwithin the AMIDR programThe remainig pulses typically have good fits with

low fit error calculated as B t T Tazi Aar where t are the

relative capacities of the experimental datafset, are the relative capacities of the model
sharing the same values ag , andd is the total number of ~ datapoint§seeFigures

B5 and B#§.

49



Chapter 6: Experimental

SEM measurements and analysisr@&done bythe authorand Ines Hamarwhile

XRD measurements and analysis were done by Ines Haman, Svena Yu, and Ning Zhang.

6.1 Scanning Electrollicroscopy (SEM) Imaging and Particle Sizing

SEM images were taken withh ThermoFisher Scientific AxiaSEM (USA). The
materials werglaced oro a conductive carbon tape adhered to a stub for SEM imaging.
A Secondary Electron detector was used in igbuum mode, and the images were

collected at an accelerated voltage of 5 kV and a current of 12 pA.

An image containing at least 200 particles sudhigsrel2a was selected for each
material and the particles were given boundaries by hand with a paintbrush tool. These
boundaries are then recognized by a simple image analysis software, ImageJ, and the
particles individualized such ashigurel12b and assigned an area using the scale defined

by the SEM. The radii of the particles are then calculatéd as 67 and averaged using

B z

the capacityweighted, geometric mean&s p m ° . Additionally,i[ Bi 7¥Bi

andi[[ Bi 7TBi ™ for calculating the start and end bounds considering diffusion

length variation are also calculated to check and ensure that the particle size distribution is
not too wideTablel shows that all active matersdnalyzed by SEM had relatively similar

particle sizes and limited size variation.
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Figurel2 NMC811 exampl®f a scanning electron microscope (SEM) imégdeforeand (b)
after particle individualization.

Tablel: Results of Particle Size Averaging

Pulse Start| Pulse End
Q-shift Q-shift
Material > [y ir inr ifAr
NMC640| 0. 784 0. 737/0. 871 0.884 1.23
NMC811| 1. 736/ 1. 607|1. 947 0.857 1.26
NMO505| 1. 318 1.173|1.594 0.792 1.47

6.2 Electrode Construction
For low mass loading electrodesathodeactive material(Zhenhua NMC640,

Umicore NMC811, Zhenhua NM9503uperS carbon blackand polyvinylidene fluoride
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(PVDF) were combinedn a ratio of 84:8:8 by weightThen, N-methyl2-pyrrolidone

(NMP) was added as a solvent fiarm a 3% solids weight slurry after mixing in a
planetary mixer (Mazerustar) for 300 s. The slurries were then coated onto Al foil using a
38e m n ot updn alsraooth glass plaéad dried in an oven at 12C for 1 hout

resulting incoatings with partially visible Al foil anchass loadingof 0.6 2.4mgcm 2
depending on the active material used. Next, the electrode sheets were calendared at a

pressure of ~2000 atm and punched into 1.275 cm diameter discs.

6.3 3-Electrode Coin Cell Assembly

The reference electrode5a0 diameterAu wirewi t h  a 7pohdmmde t hi ¢ k
insulation (Goodfellow Cambridge Ltd., United Kingdom), was cut into lengthsias 2
cm. Each end wathen cut or stripped with a scalpel under an optical microsati@X.
The exterior end was stripped on one side as showigimel3a for a length of ~4 mm to
later ensure contact with solder used to connect to a Ni contadth@linterior end was
cutby getting the scalpel underneath the polyimide coating as if to begin stripping and then
rotated downward and cat a 30i 60° angle This ensuré a small interface with the
electrolyte withoutisk of themetallic end being sealed off by the polyimating which
can happen if just the wire is simply cut at & 8Agle. Then the middle of the wire was
secured between2825type coin cellcasing top cap clipped to a polypropylene gasket.
Next, the cap assembly, coin cell cadnagtom can, spacer, spring, and positive electrode
were dried in a 110C vacuum antechamber overnight before being entered into a
glovebox. Inside the glovebox, the coin cell was assembled upside down with the cap

assembly first as show iRigure 13b. The negative electrode, a lithium metal foil, was
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placed in contact with the spacer before being covered by r@€eparator (Celgard
2300), the interior reference electrode endglf6f 1.5 M LiPFs in ethylene carbonate
(EC)dimethyl carbonate (M C) electrolyte(1:1 v/v), and another separator in that order.
Lastly, the cathode and can were placedagnand the cell crimped and sealed with the
exterior reference electrode end placed on top of the cap to avoid shearing of the wire.
Lastly, after removing from the glovebox, the exterior reference eteegnd was soldered

into a folded Ni contact tab and covered and protected by dried epoxy (Loctl€EAs

shown inFigurel3c.
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Figurel3: Custom reference electrode coin cells. (a) Stripping of the wire under optical
microscope with a scalpel, (b) cross section schematic G ¢fhectrodecoin cell assembly, (c)

appearance of &electrodecoin cell after epoxy has set.

6.4 Reference Electrode Lithiation

The reference electrode was lithiated against the cathode at 150 nA for 1 hour by a

BioLogic VMP-3 e

settled at ~0.31 V vs. tALi°%. Becausé&Qvas s o s mal

negligible.

and all owed to rel

6.5 Cell and Wire Shielding
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Figure 14 shows the steps of the cell shielding arrangement. The BioLogic-VMP

3e was selected for AMIDR testing and comes with wires partially shielded by a shielded
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cable up to ~10 cm near their ends. These wires were attached to a BioLogit €CH

point connection coin cell holder where the coin cell was held. First, the coin cell holder
and all wires except the ground wire were sealed inside a nitrile glove witipéneend

tied around the shielded cable and the end of the ground wire with a twist tie. The ground
wire was then attached to a sheet of aluminum foil which was wrapped entirely around the
nitrile glove and tightly sealed around the shielded cable. Tthenaluminum foil was

sealed inside a second nitrile glove with the open end again tied around the shielded cable
with a twist tie. Lastly, the cells were tested in a metallic temperature box which provided

an extra layer of shielding.

Figure14: Shielding steps: (a) Uncovered cell holder wrapped into a tight form factor, (b) cell
holder wrapped in a first layer of insulating nitrile glove with ground wire out, (c) cell holder
wrapped completely with aluminum foil attached to the ground wiresgldiholder wrapped in a
second layer of insulating nitrile glove.

6.6 AMIDR Protocols

All cells began with a 1.5 cycle formation protocol consisting of a C/20 charge to
4.2 V, a C/20 discharge to 3.0 V, another C/20 charge to 4.2 V, and a 15 caimitbat

4.2 V. After this, pulse protocols were applied with the parameters given by and in the
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order of Table 2. In between protocols are unrecorded rest steps with longer than the
prescribed rest times often up to a day or two. The standard protocol was used for NMC640
and NMC811 materials. The beta protocol was used for NM9505 early in development of
AMIDR, but atherwise the high resolution protocol was used for NM9505 to get better

detail to compensate for its higher variaZg§Q w

Table2: Pulse Protocol Parameters

Test Parameters 4.2-3.95V|3.953.7 V| 3.7-3.5V|[3.53.7 V|3.7-3.95 V|3.954.2 V
V Limit Spacing 25 mv 25mv | 10 mV 25 mv
Standard Rate C/40 C/120 C/300 C/40
RestTime 1 hour 4 hours | 4 hours 1 hour
V Limit Spacing 25 mv 25mV | 25mV 25 mv
Beta Rate Cl/40 C/120 C/120 C/40
RestTime 1 hour 4 hours | 4 hours 1 hour
V Limit Spacing| 12-13 mV| 12-13 mV|12-13 mV| 10 mV | 1213 mV| 12-13 mV
High Res Rate C/80 C/80 C/240 C/300 C/80 C/80
RestTime 1 hour 1hour | 4hours | 4hours| 1 hour 1 hour

Table 3 gives some GITT protocol parameters found in published work for
comparison to AMIDR. While each protocol is different and performed on a different
material some generalities can be determif@sgitly, it is unlikely many complete pulses
were obtained given the generally short pulse duration times and the high rates used.
Secondly, there does not appear to be any rigorous justification for the relaxation times, so
they may not be adequate fweey measurement. Lastly, given the larger number of pulses
taken and lack of tuning of parameters for different SOC, these tests likely took a lot longer

than the typical AMIDR test.
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Table3: Common GITTProtocol Parametéfs

Rate|PulseDurationTime|Relaxation timg
C/10 5 min 2h
C/20 90 min 5h
C/10 10 min 40 min
C/10 20 min 2h
C/20 60 min 4h
C/5 10 min 40 min
C/20 15 min 45 min
C/10 10 min 2h
C/10 20 min 1h
C/10 5 min 1lh
C/10 30 min 2h
C/20 20 min 2h
0.4C 5 min 3h
C/25 90 min 10 h
C/20 120 min 10 h

The protocols used are available in the package containing the AMIDR program.
These protocols can be lightly modified for different materials, but care should be taken to
not disturb a few key elements that are essential to allow the AMIDR program tolyprope
read and analyze the results. Each pulse is composed of a series of Ga@rsfdirg) every
0.001sforls,0.01sfor9s,0.1sfor90s, 1s for 900s, and 10 s indefinitely. Additional
steps could be added to a pulse, but it was not expectedghiaeavould last longer than
10,000 s. The AMIDR program automatically averages 100 recorded datapoints together

so that each step contributes 9 (or 10 for the first step) high voltage resolution datapoints
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for analysis. If additional datapoints are recorded, the datapoints would achieve better
voltage resolution, but the recorded files would also be larger. Each rest period is composed
of a long rest step and two short 0 A CC steps. When a rest step &lafip means that

the galvanometer of the cell tester is physically disconnected, whereas a 0 A CC step means
that the galvanometer is connected to the cell, and OcAiroéntis aimed for, but a small
amount ofcurrentis still recorded. The rest steptherefore desired to prevent unexpected
change in SOC during long rest periods. However, when the galvanometer is reconnected
at the transition from a rest step to a CC step, it introduces a small amount of static charge
to the cell which can impact thmeasuredvoltage Therefore, two O A CC steps are
included. One to allow the static charge to dissipate, and a second to capture a high
resolution relaxed celloltage before a pulse. The AMIDR program automatically
recognizes these different steps andlyres them accordingly.t 6 s | mpor t ant
at the start of the beta protocol the issue with reconnection of galvanometer producing static
charge was not realized and the results include unaccountéc &rthe beginning of the
pulses. This error was fixed at ~4.0 V during discharge, but pulses before this had

somewhat erroneol@ and very erroneou¥ measured.

6.7 AMIDR Analysis Parameters

All cell data was analyzed with the single pulse AMIDR program with default
settings. The pulse data analyzed was the measured potential of the active material versus
the reference electrode while the results are labeled with the active material potestisi|
the lithium metal anode. All pulses were fit to the spherical model and used the inputs listed

in Table 4 to calculateO, Li saturation and’'O’. The specific capacities of low mass
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loading cells are hard to measure due to small and inaccurate active mass measurements
and amplified formation side reactions. Therefore, the recorded specific capacities are
linearly adjusted to match the specific capacities of regular mass loadingtoedigain
voltages. The active material density value used to calctlaigas 4.9 gcm for all

materials as any error in this value is inconsequential on a logarithmic scale.

Table4: Fitting and Calculation Parameters

atera | Ragus [rempeate]  Teorleal [ Reguar oada | ogulrLoadg
NMC640| 0.7 8 4 303.15 K 279 mAh/g 74 mAh/g 38V 148 mAh/g| 4.1V
NMC811| 1.736e m| 303.15K 275.5 mAh/g 70mAh/g 3.7V 178 mAh/g| 4.1V
NM950511.318¢ m 303.15K 275 mAh/g 66 mAh/g 3.7V 149 mAh/gl 4.0V

6.8 X-ray Diffraction (XRD) and Ni in Li Laye(Ni;) Calculation

Powder XRD spectra were obtained using a Bruker D8 diffractometer with a Cu
target Xray tube and a diffracted beam monochromnathe spectra were collected over
a scattering angle range of 15° to 70° in 0.02° steps at 3 s per step. The lattice parameters
and catioamixing rates were determined from refinements made with the Rietveld
structure refinement software Rietica using B¥8m space group.i was assumed to
occupy 3a sites (lithium layer) while the 3b sites (metal layer) containedrifiandCo
and 6c¢ sites contained oxygen. The exchange of Ni and Li between 3a and 3b sites was

allowed with the constraint of maintaining the stoichiometry of the material.
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Powder XRD was accomplished primarily to determin& to compare tdO

results.Figure 15 shows the spectra results ahable5 shows the results of the Reitveld

refinement.
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Figure1l5: XRD Spectra
Table5: Reitveld Refinement
Lattice Lattice %Ni in Bragg R-
Material | Parametera | Error Parameter s| Error Li layer | Error Factor
NMC640 | 2.8817A |6.66E5A| 14.264A |5.73E4A| 7.45% |0.1166% 5.87
NMC811 | 2.8719A |5.78E5A| 14.189A |2.94E4A | 2.20% |0.1431% 3.02
NM9505 2.8M6A |564E-5A| 14.190A |281E-4A| 1.86% |0.118%| 2.72
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Chapter 7: Resultsand Discussion

7.1 Single CellExample

Figure 16 shows some of thekey results returned by AMIDR of a single
LiNi 0.909VINo.0502 (NM9505) cell. Most values are plottedith the averageoltageof ther
pulse, butY is plottedwith the initial voltageof their pulse as this iprimarily whereY is
realized.lt can be immediately observed both@nand'Y thatkinetics getcontinuously
worse at low SOC which aligns withther studiesof layered oxides” 2! This makes
intuitive sense as it is expected tlatwould get worseavith additional crowding of ions
in the lattice.Kinetics get so sluggisfor SOC< 3.6 V that pulses become incomplete
suggesting that relaxation timase alsancomplete,and the results are erroneoiiis
results in a lack of agreement between charge and discharge re€ult®inandQ ifQ ®
'Y appears to still be in good agreemémt SOC < 3.6 V becausé€Y does not require
significant periods of time to develop or relakhere is a mild disagreement between
charge and discharg® measurementst SOC3.6571 3.8 V which may be due to
measuremengrror butis more likely due tocell 'Y growing during cycling. Resultsfor
SOC > 4.15 V are erroneous for a different reason. At this SQ@Q wincreases
dramatically which is associated with the-H3 phase transition commonly found in high
Ni layered oxide$? This dramatic change i@ ifQ ameans that pulses within this region
cannot be expected to have a consisfeifQ wand therefore calculation df will be
inaccurateThe currentandrelaxation timegor SOC3.67 4.15V can be easily validated

asthese protocol parametersangeat 3.7 V andthere ardwo extra long relaxation times
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at 3.7 V and 3.95 \betweenprotocol sectionsbut all results appear continuous at these

SOC.

O and’Q ifQ careshown to be inversely related to each ofioe SOC > 3.7 V
This is not coincidental as the greater differenaitupation sit@otentialassociated with
low Q ifQ wencouragegreatertransport from higho low concentratiorregions. This
inverse relationship has interesting implications regarding the calculati@ asing
equation25.'0 andQ ifQ azanceleach otheoutleaving behind a relativelyonsistenty’
for SOC> 3.7 V. The derivation ofY’ given byequation23 suggests thahe averagd O
is alsomostly consistent within these S@EY'O is the only term thatould conceivably
change because of a change of SDKs derivation could also be used to calcutae
averagey"O if multiple tests were done at varyiigbut this was not accomplished within
this study.The cancelling out of this inverse relationship is also present when calculating
Y i using equatiori3leaving aY that is relatively consisteor SOC >3.7 V
despite changin® andQ ifQ wThis makes sense as equatifhshows that"O is the
primary factor determiningy and therefore,the overall long itnescalekinetic

performance

It is known that vacancy of the target occupation site is nece$sasyte hopping
transportation to occur and this is accountedrfateriving’O’ . However, it has also been
shown thatadjacent vacames allow for a transport pathway through an intermediate
tetrahedral siteedudng ¥'O. This is known as divacancy hopping and is the dominant

mode of transport when availaBfeDivacancies become uncommon when the layered
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oxide is more saturated at low SOC and therefore the av¥t@gicreases with further
saturation in agreement with the downward trendoffor SOC < 3.7 V.Much nore
recently, it has also been shown that even if both adjacent occupation sites are occupied by
lithium atoms, lowY O site hops with similab"O to that of divacancy hops can occur if

the doubly-adjacent occupation sites are vacdnthis particular study is still undergoing

peer review, but gives a better explanationibly O° is constant at SOC > 3.7 V where
divacancies may still be uncommon, but doufdljacent occupation sites are still

commonly vacant.

The benefits ofusing AMIDR to determineY are shown as wellA common,
traditional method to measupgis to calculate it a8Y Yo T'QwhereYa is the initial
change in voltage between the first two datapoints of the pulse. However, the exact value
of Y& is dependent on the sampling rate selected by the user or limited by the cell tester.
If the sampling rate idoo fast such as measuring once every 0.05Ysmay be
underestimateds thetotal — may not be fully realized due to delay from capacitive
effects. If the sampling rate t®o slow such as measuring once every 5rYsnay be
overestimated as a significant portion-ofwill be measured withk- . This suggests that
you might have a window of accuracy with a sampling rate such as once every 0.5 s, but
this just includes both errors. It can be seen Mateasured with th& after 0.5 s is
overestimated at high SOC and underestimated at low SOC. The minimum time it takes
for— to be realized is dependent on the total amouiM gb there is no optimal sampling

rate for accurately measuring all possible valuey. of
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Figurel6: AMIDR resultsof asingle NM9505 celat 30 °C Incomplete pulseand poor kinetics
are common at low SOC ahatgeQ ifQ achanges are comma the H2H3 phasdransition>
4.15V. Chemical diffusivity,O , varies inversely witfQ ifQ aeaving a relatively flafree-path
tracer diffusivity,O’. ResistanceY, measured from initial voltage changes is either
underestimated or overestimated compared tgfiir all sampling rate0” andinitial voltage
changeéY results from erroneous pulses are not shfowelarity.

7.2 Charge/DischargBisagreement
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While charge andlischargeaesults generally align, there is a measurdlfference
between the two that curiously revolves aro@@Q cypeaks and valleysrigure 17a
shows binnednd averageddatafrom multiple cellsusing a beta protocdiom early in
AMIDR development! t apmarent that thealculatedO and'O" valuesarehigher when
Q ifQ ais decreasingluring a pulse and vice versEhis suggest thatchang in'Q fQ w
produced error in thealculaed’O values.One explanatiors thatdecreasin@ ifQ agives
the impression that the in the middle of a pulse is smailthan its expected to be,
overestimatingO in the fiting. The oppositavould occurfor increasingQ ifQ aand the
errorwould beminimizedfor pulsesupon’Q ifQ apeaks and valleys as tGeifQ achange
is also minimizedFigurel7b shows data froma never, high resolution protocadleveloped
in responséo this charge/discharge disagreemeith voltagelimit spacinghalf the size
of the beta protocal Charge/discharge disagreement is still apparent withhigb

resolutionprotocol butappeas to bemarginallyimproved.

An issuemaking comparison of these two datasets difficult is that the beta protocol
cells were coated on eougher than ideal surface which encouraged active material
agglomerationUnfortunately, these cells were built early in development of AMIDR
before the issue of a rough coating surface was realipgslagglomeration caudgroups
of particles to act as larger particles giving the impressioanwdllerO with higher
variance The agglomeration produced consistently higher fit er@ren forpulsesupon

Q ifQ cpeaks and valleys.
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Figurel7: Comparison oNM9505 cellsat 30 °Ctested with (apn earlybeta protocobnd (b)a
high resolution protocolAdditionally, the cells made for thiseta protocol were coated on a
rough surfacand had issues with particle agglomeratioall data wadinnedinto voltage

ranges and averagdsoth protocols generated chafdjscharge disagreementdiffusivity, O,

revolving aroundQ ifQ apeaks and valleyg he high resolution protocshows argerO values

with lesscharge/discharge disagreemesatsiance andfit error.

7.3 Counter Electrode Impact

Because charge and discharge detee opposite errors, th&an bebinned and
averaged together to retumsults agnostic of current directidiigure18 showsaveraged
data from NM950%cells with both the impedance against the reference electrode and

impedance against thighium metal anodanalyzed by AMIDR. These cells hadnimal
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cathode mass loading to amplify the cathode impedance and to eliminate electrolyte pore
impedance However, even with amplified cathode impedance,litheiam metal anode

still produced enough impedance to skew resmiéasurablyfor SOC > 3.7 V where
cathodempedance is smallf high accuracy is not desired, it may be acceptabdemply

test 2electrode coin cells as they are far easier to ntd@ever, if 2electrode coin cells
aretestedlit is strongly recommended tmmpareheir results tahe inpedance olithium

metal symmetrical cell® ensure that it is not simplighium metal impedance that is being

measured
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Figure 18 Comparison of NM95086ellsat 30°C analyzedwith impedance againthereference
electrodepotential /O , and impedance agairtste counter electrode potentid,. Even with
minimal cathode mass loading to amplify cathode impedance, impedancealftimionm metal
anode can obscure diffusivjt®, measurements.

7.4 Impact of Cell Tester

Figure 19 shows the difference between a material measured with a Novonix

(NVX) UHPC 2A cell tester and a Bibogic (BL) VMP-3e cell tester. Botleells were
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analyzedhgainst the counter electrode potentia),because at the time the NVX tests were
completed the -&lectrode cells had not yet been developgtile certain differences can

be attributed to the cell tester, some difference might be attributed to other changes made
in the AMIDR development process between the times that these two testes were taken.
The main difference between the two is the daagnount of noise produced by the NVX

cell testerFigure 20 shows the source of this noise which is a noisy current initiation at
the beginning of pulses. This adds error toitfitéal Yoo measurements which are essential

for deciphering how much s from— or— .

Additional to the use of the NV X cell testéne cells madat that timevere coated
on a rough surfacehich introducedarticle agglomeratiarSecondly, the protocol used
for the NVX cell tester was designed with no 0 A CC step before the.pulsed s uncl e a
whether the NVX cell tester suffers from the same effect of undesired static charge being
introduced by mechanical reconnection of the galvanometer that the BL cell tester does,
but it can be seen in many of the fits produced Fgere B) that thed value of the first
datapoint is larger than expected suggesting a larger than expecteddnifiaditionally,
the voltage dropy of the NVX cell tester results was higher than théyfiwhich shows
that the first datapoint saw a greater initfab than the rest of the datapoints suggest it
should haveOtherwise, while the cells on the NVX cell tester showed @sand more

Y, itéds unclear exactly which differences i
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Figure19: Comparison oNM9505 cells at 30 °C testedth Bio-Logic (BL) and Novonix
(NVX) cell testers. Both cells were analyzaghinst the counter electrode poteniil,
Additionally, the cells made fodVX cell testersverecoated on a rough surface and had issues
with particle agglomeratigrand the NVX protocol was designed with no 0 A CC step before the
pulse NVX cells showed greater noise and worse resista¥icnd chemical diffusivityQ .
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Figure20: Low current pulse initiations from a Novonix cell testeach colour represents a
separate pulse initiation.

7.5 AMID Comparison

Figure21 shows AMIDR results compared to AMID results of the same material
which revealghe magnitude oérror in AMID. Additionally, AMID data collected with
the AMID protocol is evaluated with the AMIDR model to show which steps resolved
which sources of error. Firstly, AMID underestimateaneasurements by somewhat less
than a factor of 10 by readirg as— . Using the AMIDR model on AMID data somewhat
rectified this and found® values that were generally in line with AMIDR results even
despite the approximation Bfj asYn which is inaccurate for higi@pulses with dynamic
— . However, with limited dynamie datg AMID with the AMIDR model had trouble
pinning down exactly how muchwas— versus- . This is observed with the mid to high
SOC fits which paired higl® measurements with high measurements and vice versa.

AMIDR was able to solve this by collecting far more dynamiowith the single current
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protocol, which also provided far greater resolution and accuracy. This was very
consequential at low SOC wheé@and'Y change rapidly. For low SOC, AMID had an

interval from 3.0° 3.6 V which we can now tell was mostly measusinige ar 3. 6 V as
infeasible to access SOC near 3.0 V given the extrerhastly, AMID gave results for

the H2H3 phase transitioat SOC >4.15V AMI DR di dndét measure t
longer relaxation period before discharge where side reactions reduced thg ataftie
remainingpulses near the HRA3 phase transition weremoved due to rapidly changing

Q ifQ wlt appears that AMID likely acquired error both from the high V side reactions and

the rapidly changin@® ifQ @
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Figure21: Comparison oNM9505 cells at 30 °@nalyzed with AMIDR, AMID, and AMID data
evaluated with the AMIDR model. The AMIDR model assisted in gettingeaccuratéO
measurements, whereas the AMIDR protocol imprasedsolution and accuracy.

7.6 Material Comparisons

Figure 22 shows thdlifference in kinetics othreedifferent types otommercial
layered oxide active materials It can be immediately seen thatNiosMnoi1C.102
(NMC811) and NM9505 have very similar kinetic performance asiNghayered oxides
with a similar proportionof Ni in the Li layer,0 "Q determined with XRD (se€igurel5
andTable5). O atthe 4.0 V- plateauuniqgue toNM9505 is somewhat worséhan

NMC811, butthis r|-w plateauhas similar overall kinetic performance due to having a
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similar O and therefore similaity ; . LiNiosMno4O2 (NMC640), however, shows
muchworse kinetic performance at most SOQis is because the NMC640 has higher
0 "Qwhich preverg divacancy hopat adjacent siteHowever, at low SOC where the
active materiahas high Li saturatioyMC640 shows similar kinetic performancetke

other materialasdivacancies are uncomméar all materialsat this SOC

Thethreecommercial materials also have very simif@ximum” as a function
of voltage 't 6s | mpor t anedsurdment asmaxiognvaluelecadsd i s
certain amount ofY in the cellis not sourcedirom the active material surface. However,
'Y is the only source oY that could conceivably change with SOC,jisb 6 s f air to
the larger values df aseffectively entirelydue to'Y asothersources ofY would be
negligible.lté s loaetedmine whethely is primarily due to a single charge transfer
reaction or a thin, low® surface layer as thdyoth generat&’ independent of the currents
applied If it is a singlecharge transfer reactidmetween the electrolyte and the active
materia) then it would be expected to follow the ButMolmer equationHowever,the
relationship betweecurrent densityQ “@°Yand—in theBulter-Volmer equation is linear
for — <25 mVandno pulse had- > 25 mV as thevoltagelimit spacingwasset at 25 mV
or less.The expectedcharge transfer resistanc¥ , wouldthereforef ol | ow Ohmdés |
and be consistentacrossvarying ‘O'Y may also bedue to anegligible charge transfer
reaction and &in, low O surface layerCommercialactivematerial is often engineered
with surface treatments to extend cycle afed a reconstructed rock salt surface layer is

often observedor layered oxide$ A thin surface layecan bemoddedas a thinlow O
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phaseeffectively producing anY that also follows O h m&6 s onla aeasonably short
timescalg(seeProof A3). It is possible that the observed increas& inluring the charge
pulses after the discharge pulses is due to a thickening of this surfacéllayexer,i t 6 s
also possible thathe observed increase i may also be due to a decreaseaative
material surface areaccessible to charge transtire tothe growth of an impenetrable
surfacelayelRe gar d | e s s Y isiheadlgdemehdenhon S@Chnannesimilar

to 0.

75



10—11 :
;'—.‘ ] -
| J’f
’ I/E’ﬁE
Ng 1073 ] -If’iz,}-;{-'r-rrrhl{: |
|
g LT |
Q] e |
i
—ip—=t=—D
10-14 : t
NMC640
T 7.5% Niy;
~ NMc811l
N \ 2.2% Ni; |
g 10075 ] NM9505
é ] ] T 1.8% Niy;
= 1 1 .
é 103 + i Flre el TTTTT: 1 SN N [ .,mI
= ] I ] r
:- ”:it--..
| ] ]
> 600
7 1 A\ \ | ] | |
[@)] ] | I}\] [ ] | |
— 400 ) X =
< : H 3 i
Sy St - ﬁ
> g | et T
:g‘- 3.6 3.8 4.0 0.8 0.6 0.4
Voltage (V) Li Saturation

Figure22 Comparison o€ommercialayeredoxide materialst 30 °C NMC811and NM9505
show similar kinetics with similaNi in Li layer, 0 2gneasured with XRD. NMC640 has
additionald 2gnd worse kinetics.
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Chapter 8: Dynamic Diffusivity Models

Combining equatiosm24 and25 shows the complete derivation©f as

f

mao’ np A Y -

0 A 1o 27
o R o r]
OO V5w

Many of these terms are consistent with changing SOC with the exception rpf

p M ,QFQ@andQ ¥ T .fdescribes the reduction® with decreasingOC
due to target occupation sites being filled apd 7]  describes the expect€HifQ w
of a dilute solute without soluteolute interaction. Both of these terms adjust minimally
and gradually over the accessible SOC of the active material, so they have minimal impact
uponO . Q ifQ candY"O, however, can change rapidly with a small change in SOC. The
next two models will investigate how a pulse with dyna@idue to dynami® ifQ «and

YO will behave.

8.1 DynamicDiffusivity due to'Q ifQ w

Within layered oxidesQ ifQ amay changeat any SOC, especially highi active
material such as NM9505. It has been shown previously in the analyzed experimental data
that high and lowQ ifQ apulses will produce the samé j and general impedance,
however, this does not explain what happens &2 achangessignificantly within a
pulse. Thisis explored with a 4D planar sheetanalytical, finite differencenodelusing

Fi cko6s | awgenemfed itficrésbftibsel. o n
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Thismodelwas designed with arbitrary units for simplicities sakee planar sheet
was giveni ¢ on either side both experiencing 1@ udepending on whether the
active material is being charged or dischard@dt mostdischargd state was defined as
A Twith @ ¢ corresponding to & yvand hemostcharged state was defined as
A ¢ with & T corresponding tad tT. Whend p, the active material was given
QFQ® tandO & yandwhenw p, the active material was givéehifQ o T& v
and’O 1. Thisinverse relationship betweé ifQ wand O means we assume that
Q ifQ dis the only thing that impact® as you might expect within a small SOC rafaye

above low SOC.

Figure 23a and b show the active material concentration under charge and
discharge, respectiveljt can be seen thathencw p the smallefO encourages larger
concentration gradient®uring charge at the transition @ p it can be seen that the
change i over time slows down as the intertochanges more rapidly and the opposite

is true for discharge.
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Figure23: Internal concentratigny of a modeled <D planar sheewith dynamic chemical
diffusivity, O , under (a) charge and (b) discharge. Wbencentrationpo p,0 & yand
whenw p, O T.

Figure24 shows the potentials of this model over capacity. It can be seen for both
charge and discharge that the pulses begin with a growth of overpotential until a steady
state is reachedhfter this, the overpotential resembles a simple resistive overpotential.
However, once thé p boundary is reached, both pulses deviate from this and a larger
potential than what one might expect from a resistive overpotential is seen. It can be
expected that if th&® ifQ cand’O values were switched that both pulses would deviate
with smaller potential. 't can be seen t hat
of details of theQ ifQ cwhereas a resistive overpotential would retain these details. This
can be a useful trick to use when looking at high rate cyclingtdadatermine if most
impedance is sourced from diffusion or resistance. It can be seen that in the steady state

portions of the pulse that the difference in potentials between charge and discharge is
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consistent. Th® fQu r ansi ti on region also gives this

this is truly the case.

Potential (arb. units)
=

0 0.5 1 15 2
Capacity (arb. units)

Figure24: Voltage vs. capacitgf one cycle ok modeledl-D planar sheet with dynamic
chemicaldiffusivity, ‘O and differential capacity) fiQ @Whenconcentrationgo  p, Q ifQ w
tandO & pand wherd p, QifQw & wrndO T.The dashed line represents the
impedance free voltage.

By chance, it was noticed thiaigure24 bears a striking resemblanceRigure?25,
which features one cycle of a layered oxide;idlacell. This particular Ndon material
has not yet been tested by AMIDR but could be if aidfareference electrode is
developed. It would not be shocking if Na layered oxides shared sidilamofiles to Li
layered oxidesThe one feature that is different is the IB®Ctail of the discharge pulse
which is quite likely due to smalD due to increasing/’O due to elimination of

divacancies
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Figure25: Voltage vs. capacitgf one cycle of dayered oxideNa-ion active material. This cell
was made and tested by Libin Zhang and Bailey Rutherford.

8.2 DynamicDiffusivity due to¥"O Near End oDischarge

At end of dischargé) shrinks due to increasingO. This drives a highab which
in turn drives a evenlower O at the surfaceO ;. This results in a positive feedback loop
that rapidly increased and decreaséd ;, leavingain the interior of the particle relatively
unchanged antkesulting in a characteristic low SOC tail as seeRigure25 andFigure
26. This feedback loop can technically happen at any SOC where increasedls to
lowerO, but itonly becomes a runaway feedback loop teatls to end of discharge when

there is a large difference @ within the particle.

At low SOC,Figure22shows thaD roughly has an exponential decay relationship
with 1] (this appears linear on a logarithmic plot). Given that these pulses begin with

uniform @anddwith linear withrj, we can define th® as a function ofas
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~

Ow 0Q , (28)

whered (cn? st and0 (cm?® mol?) are active material specific constants. The spatial

gradient ofO (cm st), 1O, can be calculated as

N0 00Q n® 00 ONw (29)

From here, it can be helpful to express thisinternigiof i ng Fi c & 6 SONG)i r st

as
nNO w 00U (30)

This shows that at any point along a diffusion pé#tle, gradient olO is determined by
simplyvand theéO rate of exponential decay in termscpfi . This gradient may be rather
significant if O is small, but insignificant i©D is large. Therefore, it will be normalized

by O to producehe relative spatial gradient @ (cm?),n'O as

N0 W —=. (31)

Next, this can be localized to surface to produce¢laive spatial gradient @ at the

surfaceNn O, using0 @ 'O O¢ as

, 6O
OF o (32)

Whenn'O; is large, this means th&@ changes dramatically over a short distance, and
when 1O is small, this means thd barely changes over a long distandde

appropriate distance to compare to &s this will determine whether there is a significant
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volume of unchangedactive material in the interior of the particle. Whe@ L i

O throughout the particle can be treated as uniform whereas Wenl i , the
particle will have noruniformO , the runaway feedback loop will have begun and end of
discharge will be imminentn equation32, the only term that is controllable after a cell
has been built iSO Ther ef or e, 'Odoé¢sinet evéneceeaseabosle aO h a t
dependent, critical threshold at low SOC. If the runaway feedback loop b€gjnaill
shrink rapidly and a reduction i@vill be too late to stop itUsing equatior28, this critical

threshold forfQQ can be defineth terms of measured during a pulses

R« G O)) ¢ )
oL 06O —s, (33)

where the function for® in terms of ® is known from relaxed potential
measurementsBecause measured is dependent upor as well as®, @ may be
overestimated an@® underestimated, but this is fine because underestim@wgl not
cause the active material to enter the runaway feedback loop. This underestimation due to
— will also be minimized at lower SOC and low&where— | — . Figure26 shows
discharges for a series of differé@nd estimations placed by eye of whainitiates an

end of discharge feedback loop.

Equation 33 is a particularly powerfulequation becausthis can be used to
maximizeGt any giverwwithout causing end of discharge. Simply put, by not surpassing
‘Q energy density and power density carsineultaneouslynaximized at low SOC using

a dynamic'@discharge.This may not be practical for electric vehicles which reqaire
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minimum ‘Cfor use but could be very practical for eking the last bits of energy out of a

stationary storage project.
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Figure26: Voltage vs. capacitgf discharges at different rates afhin electrodel.i-ion
NMC622active materiaina halfcell Th e 06 + 6 s i ayeestimagiel thee migation bf yhe
end of discharge feedback loapin C/n is the approximate number of hours it takes to discharge
a cell at a givefOThis cell was made and tested by Eniko Zsoldos.
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Chapter 9: Conclusion

AMIDR is an improvedmethod for measurin@® due to a series of important
design decisionghat al must beconsideredo achieve accuracyNotably, test cells are
designed to amplifyctive material impedance and ignore impedance fronoghesing
electrode the cell testing protocol and analyai® designed toneasure complete pulses
which reach a steady stathe analysis program is designedctdculateboth cell Y and
O simultaneoushby fitting to a complete pulse model, and extra care is takesetect
and remove erroneous outlieasd achieveeffective charge/discharge agreemewith
careful application of this methoohsight into themechanisticonstruction ofO and’Y
is revealed. In additiorthree different layered oxide materials warelyzedand their
results comparediving further evidence that layered oxi@e is heavily dependent on
0 "Q but not necessarily at low SOCastly, theimpact to the voltage response of pulses
with variance inO wasinvestigatedn dynamicO modelsto connect AMIDR results to

the behaviour of cells cycling over the entire SOC
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9.1 FutureWork
While AMIDR is in a completdorm capable of use, this does not mean that it
cannot be developed further. There are many possible improvements that can be made and

active materials that have not yet been explored.

Firstly, the 3electrode coin cell assembly process has a high failure rate and is
relatively labour intensive. Improvements could be made to improve both of these.
Reducing thickness of the internal components may be a way to reduce pressure upon the
Au wire between the cap and the gasket where the wire is often clippddheftripping
has traditionally been mechanically done with a scalpel which is the most labour intensive
step in building these cells. But it has also been recommended in convelsation
members of the lab that initially designed this process that chemical stripping with
concentrated KOH will also work. However, the paper referenced in this conversation
claims that the wire wastipped mechanically with a scalpéIClearly, this should at least

be investigated.

Secondly AMIDR is not yet able to measure i or K-ion active materials. This
is because a Nan or K-ion coin cell reference electrode has not yet been developed at
this lab.However, the same lab that developed the Au wire Li reference electrode used in

AMIDR has also developedtmned Cu Na reference electrotte.

Thirdly, while'O’ is a useful measurement for understanding the trend©ot "0

can actually be strictlgalculated using equati@4 by running AMIDR on active material
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at 2or moredifferent temperatured his will also inform us of which is admittedly not

as exciting but still useful for validating results.

Fourthly, it would be valuable to better measure hi@QhfQ wregions which
AMIDR struggles with.Better measuring hig® ifQ aregions would allow AMIDR to
measurehigh-Ni materials with plateauassociated with quick but continuous phase
transitions These regions require much smalleitagelimit spacing and therefore better
voltageresolution measurements. Smabeitagelimit spacing will also require smaller
currents to achieve complete pulses. However, the redadae to increase ifQ calso
means that these pulses would take a longer period of time to develop and therefore,
perhaps notequireas high of a sampling rattn this case, a different cell tester may be
valuable.Regardless, work could be done to bring up AMIDR on different cell testers
anyway, because this would expand flexibility and the number of tests that could be done

simultaneously.

Fifthly, it would be even more valuable to measure KgifiQ wegions associated
with discrete phase transitions found in materials like LFP/LMFP and IHW@ever, this
may be very challenging.he existence of these discrete phase transitions sugdests a
0 according to equatio?l. However, the phase transitions being discrete also means that
the region of phase transitiontigeeoretically infinitesimally thin. This intuitively suggests
that the impedance of the phase transition may be better modeled by something like the
Butler-Volmer equation for discrete, single step, charge transfer reactions. However, th

surface defining the discrete phase transition exists at a dynamic position within a material
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in series with impedance from a raniform diffusivity. The equations within this study

are certainly not adequate for modeling such a complex system.

Lastly, while there is now a method to calculd&avith AMIDR, this method has
not yet been tested with an actual cell. AMIDR could be used to evaluaieahéO
profile of an active material, and those results could be used to develop a protocol which
always maintains &below“Q Then, this protocol could be tested and compared to other
protocols such as a protocol ending with a constant voltage hold at end of discharge voltage.
This may even be accomplished with a standard-lugting, 2electrode cell as thew
SOC- is large enough to drown out any other sources of impedartenly low SOC
O is necessary to calculat@ Alternatively, this could be developed for an anode material

to enable optimized fast charging.

Hopefully, with proper documentation, AMIDR can be furtderelopedand its

uses further exploreoly future students.
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Appendix A: Proofs
Proof Al: Start of Puls&ound for an Ensemble of Geometries with Varying

Diffusion Length

For pulses that stop near their start, flux is uniform for both small and large
geometries. Usingquation6 and the definiton® Y3 'O Oi1 andt YAIY\
for a single geometry that has stopped its pulse

returns an equation for calculating tHg

near its start,
(AL)

for multiple geometriethat have stopped their pulse near its start

Accordingly, theYn

is calculated as
o - ci ON ¢Bi OM

Y Yn i — ) A2

n n r 5 0 5 "0 (A2)

where theCsubscript is given for individual geometries. As flux is uniform near the start
i s pr OYpandthereforea |l t o

of a pulse, th&Oand¥) per geometry

geomeit asy 6 s

o 0
(@) B_Y W , and (A3)
R 1< B

Entering these into equati@® gives



. ¢ 'ONBi
¥ n

—_ — A5
0 “O Bi (A5)

Definingi[[ Bi 7¥Bi returns equatioll. Thereforej [averaged in this manner will

accurately define the bound for pulses that stop near the start of the pulse.

Proof A2: End of Pulse Bound for an Ensemble of Geometries with Varying
Diffusion Length

For pulses that stop near theirend, flus pr oporti onid@@NUsing a ge
equation7 and the definiton® Y4 O 'O1 andt YAfYQ returns an equation

for calculating thé/y  for a single geometry that has stopped its pulse near its end,

‘©
o o

Moo oW s (A6)

Accordingly, theYry  for multiple geometriethat have stopped their pulse near its end is

calculated as

(A7)

where the'Qsubscript is given for individual geometries. As flux is proportional to a
g e o medfivhedrtheendofapulse,t@ er geometry i s proport.i

W, and therefioase a geometryods
O @ —"G) A8
B& Bi - (A8)
Entering this into equatioA7 gives
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‘@i
06 ®i

“ ~ .,

N YA (A9)

Definingi[[ Bi 7Bi ™ returns equatioA6. Thereforej [averaged in this manner

will accurately define the bound for pulses that stop near the end of the pulse.

Proof A3: Impedance of a Thin, Low Diffusivity Surface Layer

Taking the derivative of in terms ofwreturns

Q ot . Q Q8
Q6 b ¢ 7 Q0

(A10)

A

wheretheascending, nozeroseries and functiond | o is defined for each geometry

as
Planar Sheet: OBT | “R ¢,
Q6 hw | OBT
QW AT|10 "
Cylinder: 0 | T,
Q6 ho 10|
e 0l
Sphere: |ATIO p
Q6w | Ail|0w OET®
Qw »w OEI

Next, the derivative ofd in terms ofwynear the surface is calculated as

=l 2 o ALL
oSG 50° T oo Qe (AL1)

wheretheascending, nozeroseries and functiord | ho is defined for each geometry

as
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Planar Sheet: OBT m| “R ¢,

Q6 ho P
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Qo ho YA
| EA———— | AI|O p T
o Qw

Conveniently, under these specific conditidr(;slf_—i—h 1t for all geometries. This

shows that the change in concentration over diffusion path position near the surface is

always simply

. O p
| B4, Al2
Fdw 50 (AL2)

for all geometries and afl This equation being true for dlis essential for a thin, lo®

surface layer to act as a resistor independent of time.

Athin, low'O surface layer will generaterelative change in surface concentration,

@, in addition tahe & related to the bulk diffusion of the actim@aterial. As long as this
surface layer is thin enough,; 1 _E+O —where’O "(fi is the relative thickness

and"Qis the thickness (cm) of the surface lay#nis can be converted out of dimension

less conventioo generate a change in surface concentration at the surface/tayeas

o on
Yo Al13
"B ado (AL3)
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Next, this can be converted into a surface layer overpotentialising'Q ‘@Q cof the

surface layer as

Q0 0Q

(A14)

where positivéds now treated as current driving positive ions to leave the active material,
the typical convention for working electrodes. Finally, this overpotential can be treated as

a resistor givew  "O"Yo give a surface layer resistandg, as

Q0 1Q (AL5)

Similar to equatiorL3, this is dependent on bof2'@Q cand'O which will be unique to

the phase of the surface layer.
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Appendix B: Intermediate Analysis Results

Figure BL shows an example of a plot that AMIDR first produces after combination
of test files from individual protocols. If a test file has been forgotten to be included, it will
be apparent in this plot. In addition, AMIDR also produces the plots shofigune B
which show the relaxegotentials of cells undergoing AMIDR in terms of charge vs.
discharge. While some cells showed better matching than others, all these cells were

considered acceptable.
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Figure BL: Example of complete test summary of a single cell.
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Figure B: Matchingcharge vsdischarge relaxed potentials of¢aNMC640, (df) NMC811,
(g-i) NM9505 with high resolution protocadnd(j-k) NM9505 with beta protocol.



Figure B3 shows fits that were removed due to having too much char@gn w

andFigure B4 shows fits that were removed due to having too fittleut of the remaining

fits, Figure B shows those with the worst fit errandFigure B shows a random sample

Some of the fits with too littlé may look acceptable, however, they began when the active

material was not completely relaxed. The worst fitting acceptable fits are not perfect, but

they are close enough to give reasonable results.
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Figure B3: Examples of fits with () too much decrease @ifQ cin discharge and {d) too
much increase i@ ifQ cin charge. Only NM9505 showed this error at its 4.14%-85 plateau.
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Figure Bt Examples of fits with not enoughin order of decreasingy This occurs in (a, ¢)
discharge and (b, d) charge. All cells show this error at low SOC.

Figure B5: Examples of the highest fit error fits out of acceptable fits fdx) (dMC640, (ed)
NMC811, (ef) NM9505 with high resolution protocol, and-{gg NM9505 with beta protocol.
Both (a,c,e,g) discharge and (b, d, f, h) charge fits are shown.
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