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ABSTRACT

Electrode degradation is one of the major obstacles hindiérnignplementation of new
electrode chemistries into practical batteries. In this thesiglies regarding the electrode
degradation of some negeneration electrode materials have begiored, based on impedance
andcoulometryanalysis.The impedance growth at-8lloy and graphite blended electrodes were
examinedusing symmetric cellsAn inhomogeneous transmission line of active particles was
developed to model this binary systelBath theoretical and experimenta&sults showa small
portion of lowinterfacial impedancparticles can suppress the electrode interfacial impedance in
blended electrode§he next project is focused on the understanding of anode capacity fade in
symmetic cells. A Li inventory model was proposed to interpret this fade in symmetric cells. A
feasible approach to measure tdid-electrolyteinterphase growth, which results from the
electrolyte reductionwas proposedin the last projectan advanced gahnostatic cycling
technology, termed currexnbrrected galvanostatic cycling, was propgsedvhiche ach cycl e 6
current is adjustedo maintain a constant cycle duratibased on the measured capacity of
previous cycles. This method enables measurenme of true electrode/cell performanbecause

unnecessargolarizationis avoided
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CHAPTER 1 INTRODUCTION

1.1 Motivation

Li-ion battery (LIB) technology has become indispensable in portable device and electric
vehicle applications, due to its advantages of high energy density, rapid charge/discharge
capability, and relatively longesvice lifetime[1,2]. However, stat®f-the-art LIB technology is
challenged by the evancreasing demand for higher enemggnsityand lowercostrechargeable
batteries[3i1 5]. At present, a mainstream approach to pursuediémsandig target is through
develping new electrode materigdsi 7].

Graphiteand LiCoQ (LCO) arethe dominatingnegative electrode (anodahd positive
electrode (cathode) materials, respectivelyrently used in higlenergy LIBs for small consumer
electronic devicesNi-rich layered oxides, such as LiNiMnxCoO, (NMC) and LiNi.x-
yCoAlyO2 (NCA), as well as olivine based cathodes, such as LikgBEP), are gaining
dominance in grid storage and automotive applicati@raphite has an overall outstanding
electrochemical performance, including high specific/volumetric capacity (372 MARL§ Ah
LY, superior cycle life, low average lithiation/delithiation potential (~0.1 V), low hysteresis, and
high coulombic efficiency (CE)8]. Sikbased materials have beexrtensivelystudied as very
promising candidates for anode materials, mainly duestoigh theoratal specific/volumetric
capacity 8579 mAh ¢/ 2194 Ah L), relatively low average lithiation/delithiation potential (~0.4
V) of Si[9]. On the basis of these two featur8sbased anoddsave great potential to improve
cell energy density, theoretically up to 3485.

LCO hasa theoretical capacity of 274 mAR gvhen charged to 5.1 V. However, the LCO
iscommonlydesigned to charge to 4.2 V in full cell (~0.5 per LCO or delivered reversible capacity

of 137 mAh @), to avoid a lattice distortion between hexagonal and monoclinic phase transition



that likely leads to the capacity degradation of L{20]. NMC and NCAhave attracted great
attention in both industry and acaderbecause ofeducedcost via reduce@o content[11]. Ni-

rich (over 80% Ni) layered oaes have especially high gravimetric capaciteeg,(~200 mAh ¢

1 for LiNi 0.8Mno.1C0.102> (NMC811)[12]) when charged to 4.3 V, which is frequently used as the
key metric for claiming higher energy density ove2 ¥ LCO. LFP is even lower in cost, but
comes with challenges of low energy density, poor electrical conductivity, and sidivfusion.

The pathway of new electrode materials into practical LIBs is often hindered by the severe
degradation reactions dag cell operation, leading to shortened battery service life. The amount
of active material may decrease, mainly induced by structural degradation (the reversibility of the
active material to host Li fails) and mechanical failure (the active materialdtesggcal contact
to the electrode)13]. Due to the strong oxidative/reductive nature of cathode/anode surfaces,
electrolyte decomposition may also occur, as another major cause of cell[fadjureo improve
the Stbased anode performance in practical cells, efforts have been made, including the design of
Si alloys, ceutilization of graphite, and the use of advanced binders and electr{@yt&s17].

For Nirich cathode materials, the stabilization strategy includes elemental doping, the
implementation of singlerystal particles, and the use of caleell structure§l 8].

Even though much progress has been made to reduce degradation mechanisatstthat
capacity fade, providing battery lifetimes with-l&sed and Niich materials (with high nickel
content of >60%) that are comparable to conventionabriicells remains a challenge. For
example, Sbased materials generally undergo the largeamel change during cycling, causing
damage to stabilized interface between electrode and electrolyte and consequently resulting in

accelerated electrolyte decompositj@fi 21].



The characterization of the mechanisms leading to cell capacity fade is important. In cells
where mechanical or structural failure of #etive material is not significant, celapacityfade
due to electrolyte decomposition reactions can be quantified by electrochemical measurements.
Such measurements need to be extremely accurate and precise, since the capacity contributed from
such readbns are dwarfed in comparison to the total reversible capg@dty This necessitates
the use of high precision chargers (HR@ such measurements, especially when-tells are
used23,24] Irreversible capacity loss from electrolyte decomposition reactions can be convoluted,
to some extent, with signals from the active material [[25k

Even though HPCs are a powerful tool to stalifctrolyte reactivity, their high cost (about
$4000 per channel) limits their use. Another feasible approach to evaluate electrolyte reactivity is
by using a standard charger to measure the capacity fade of symmetric cells. Symmetric cells are
constructedising two identical electrodes (one previously lithiated and one delith[2&d)'he
capacity fade of symmetric cells during cycling is directly related to the electrode CE. By cycling
such symmetric cells, the electrolyte reactivity of graphite electrodes has been precisely measured
[27]. However, conventional symmetric cells are intricate, difficult to assemble, and perfect
alignment between two identical electrodes is difficult to achieve. To address these issues, double
half-cells (DHCs) have been developed, consisting of twidlficells having identical working
electrodeg27,28] As a result, DHCs provide a more accurate coulombic measurement than the
conventional symmetric cells and are easier to assembile.

Electrolyte decompgition reactions not only alter cell capacity, but also can change the
interfacial impedancdetween the electrode and the electrolyte because of the deposition of
decomposition products on electrode surf2®. The deposited interfacial layer is widely termed

as the solid eleattyte interphase (SEI) layg80]. Electrochemical impedance spectroscopy (EIS)



provides a nomestructive approach to characterize the @itribution to interfacial impedance.
Previous studies have shown that EIS spectra can vary considerably when electrodes are at
different electrochemical potentials or when different electrolyte compositions arg3asad].

By analyzing these spectra, the interfacial impedancecim@se can be extracted to estimate the
guality of the SEI layel35]. Generally, it is believed that a lower interfacial impedance represents

a more effective SHB6].

In order to develomext generatiorelectrodematerialsfor commercial LIBs having a
relatively long service lifetime, it is crucial to suppress their high electrolyte reactiaty.
accomplish this requires reliable and efficient methods to measure the electrolyte reactivity and
characterize the SEI layer atectrodesin this thesis a brief overview of LIBs, especially the
electrode/electrolyte interface, is given in Chapte€Clapter 2 demonstrates the importance of
lifetime on rechargeable batteries, using potassammbatteries g trending nexigenerabn
batteyy chemistry as anexample.With the importance of battery lifetime established, the
remainder of the thesis focuses on methods to quantitatively measure and model battery
degradation mechanisms that contribute to reduce battery lifdtirGdager 3, the experimental
toolsused in this thesiand the related principles are discusgaltapter 4 investigates interfacial
impedance growth on &illoy/graphite blended electrodg3hapter Sprovidesinterpreation of
the capacity fade in symmetric IelAdditionally, drategies to evaluate the electrolyte reactivity
arediscussedChapter6 provides a modified cycling protocol twllect thetrue electrochemical
performance of electrode under designed rasaimmary of this thesis will bgrovidedin Chapter

7, as well as a description of future work.



1.2 Lithium-lon Batteries

The first commercially successful LIBs were marketed by Sony &1,18sing a coke
anode, LiCoQ (a layered oxide material) cathode, and adanducting electrolyt§37]. Figure
1.1 shows a schematic of a-lan battery. In battery fabrication, anoaed cathode materials are
coated onto a Cu current collector and an Al current collector, respectively. The Cu and Al current
collectors can be connected to an external circuit to enable the battery charge/discharge process.
A porous separator between tweode and cathode is used to prevent the battery from shorting
internally. During charge, by an applied external current or potentiaiphs$ are removed from
the cathode and inserted into the anode. This process is reversed during discharge; wimere Li

move back from the anode to the cathode.

/ [ Toad |

" Lit

Current collector (Al)

Anode (grap hite) Electiolyte Cathod e (lithium lavered oxide)

Figurel.1 Schematic of a Lion battery. The brown, green, and red balls represent C, Li, and O
atoms, respectively. The balls occupying the octahedral sites (bonded with O atoms) represent
transition metal(s). Here, the occupation of these balls is 60% Ni, 20aG&@0% Mn.

1.3 Common Cell Designs
An electrochemical cell is the basic unit of a LIB. In some applications, like cellphones, a
battery may comprise only one cell. In laigmale applications, such as electric vehicles, multiple

cells areassemblednto a battery. These cells are connectedparallel and/orserially by
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interconnecting circuits, assembled into a protective frame, and operated through a battery
management system and often additionally a thermal management $88ferithe use of
different cell designs can result in changes in battery performance, including energy cafesity, s
reliability, andcost, even isimilar electrode chemistriegse used5].

Pouchtype cells, Bown inFigure1.2(a), are one of the most common commercial LIB
cell types. Typically, electrode materials are coated on both sides of the current colldwtors.
doublesided electrodes and separators are then either wound or stacked and then sealed with
electrolyteinto a cell pouch. Tabs on thelectrodes protruding from the pouch facilitate the
passage of current into the c&buchtype cells can be designed with various cell dimensions to
fit the space requirements of different applications. Other commonly used coiainhéB cell

types are cylindricatype cells and prismatitype cells.

(@)

Spacers

Counter/Reference electroc
Separator

Working electrode
Anode —
- = =

~ Stainless steel can
/ Separator

Figurel.2 A schematic diagram of (@ouchtype cellcell (showing an electrode/separator stack
with cell tabs protruding from thelectrodes)and (b) coirtype cell.

Separator

Stainless steel cap
Cathode .
Plastic seal

f

For academic battery researchers, 4gpe cells are one of the most widely used cell types,
having similar cell componentBiurel.2(b)) to the aforementioned commercial cell formjagy.

The benefits of using coitype cells include easy assembly, high reproducibility, and a small



guantity requirement of electrode materig]. Three major coin celconfigurations are
commonly used: full cells, half cells, and symmetric cells. In a full cell, two different working
electrodes, a cathode and an anode, are included. AygaErfull cell is often used as a LIB
prototype for academic stud¥l]. In half cells, one working electrode is used, paired with a disk

of Li metal as a reference/counter electrode. Half cells are important for investigating the basic
electrochemical performance of electrode materials of interest, such as their potefited, pr
specific/volumetric capacities, cyclability, and rate capabji,43] In symnetric cells, two
identical working electrodes are included. Symmetric cells are an ideal tool to investigate the
electrochemical performance of one electrode without the interference from different electrodes
[26,44] Symmetric cells are especially useful for accurate measurement of electrode CE. However,
it must be kept in mind that this singdéectrode CE may not be representative of the electrode's
CE in a full cell, since electrolyte decomposition products of orarette in a full cell may affect

the CE of the other. In order to cycle symmetric cells, at least one of the electrodes needs to be
prelithiated or predelithiated. The electrode configurations of these three categories of coin cells

are shown irFigurel.3.

(a) Full cell (b) Half cell

: Cathode 4
/ / Separator / / Separator

Anode “athode/ Anode

Li metal

(¢) Symmetric cell

“athode/Anode

Separator

Cathode/Anode
Figurel.3 Electrode stacking configurations in (a) full cell, (b) half cell, and (c) symmetric cell.
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1.4 Anode Materials

As aforementioned in Section 1.1, graphite electrodes have been the main anode materials
in LIBs for decades. During lithiation, Li ions insarto graphite interlayers, which are bound by
van der Waals forcefuring delithiation, Li ions are removed from between the graphite layers.
This lithiation/delithiation process is highly reversible and the graphite structure can remain
unchanged aftercycling, leading to excellent cycling capacity retentiptb]. At a full
electrochemical lithiation, Li€is formed, which corresponds to a specific/volumetric graphite
capacity of 372 mAh¢ 719 Ah L [8,46]. This full lithiation expands the spacing between two
graphite layers from 3.38 to 3.71A while the GC bond length almost remains the sg#®].
As a result, graphite electrodespexrience a volume expansion of only ~10% during lithiation,

which does not significantly disrupt the SEI laj24,30,47]

Pulverization

Volume Many
expansion cycles
—_—
a & . - . o
Delamination Electrical isolation—/4 & ;°

fé‘;ﬁ .
Many cycles P
—_—

Unstable SEI layer SEl layer Thick SEI layer

Figure 1.4 The main degradation mechanisms of Si anodes due to their large volume changes
during cycling Reprinted with permissicinom ref[5]. Copyright 2016 Springer Nature.



Unlike the intercalation process in graphite, crystalline Si first forms amorpittuased
Si during lithiation[9]. At the end of the first full electrochemical lighion, the lithiated
amorphous Si transforms to a crystalline phase gB6Li[9]. This final product hosts 3.75 Li per
Si, corresponding to a theoretical specific capacity of 3579 mAmgre than nine times as that
of graphite). This high capacity is associated with a huge volume change of 280%. The theoretical
volumetric capacity of Sb 2194 Ah L%, three times that of graphife more practical metric for
evaluatingelectrode performance than the specific capanitgnost applicationjs The volume
changes that occur during the lithiation/delithiation of Si cause multiple issues. Si electrodes can
suffer particle pulverization, electrode delamination, and severe disruption of the SEI layer during
cycling [48,49] Consequently, the cyclincapacity can drop rapidly, and parasitic reactions can

occur excessively. The major degradation mechanisms of Si anodes are illustFidgedah.4.

Figurel.5 (a) Field emission scanning electron microscope image of an ion polished cross section
of a 3M L-20772 V6 alloy particle. Surrounding darker regions are graphite. (b) TEM image of
particle edge othe alloy particle Reprinted with permissiaimom ref[50]. Copyright2014,10P
Publishng.

To utilize Si in LIBs, this huge volume change needs to be suppressed. One practical

approach is the use of-8lloys, which are comprised of Si and inactive element(s) (inert to the



lithiation) [15]. Stalloy materials are designed to be made of nanosized active Si domains and
inactive phase domains, which are evenlyriisted throughout micro size particl@50]. Figure

1.5(a) shows a scanning electron microscopy (SEM) image of a Si alloy (V6 alloy, 3M Company)
particle which contains an active Si phase and inactive phases containing transition metal atoms.
The V6 alloy contains active Si domains and inactive domains th&tio@ metal that has a higher
electron density than $§0]. Due to this difference in electraensity, the inactive domains appear
darker than Si domains in the SEM image. A uniform contrast is observed, indicating an even
distribution of the active and inactive domains in the partkigure1.5(b) shows a transmission
electron microscopy (TEM) image of a V6 alloy particle. In this image the active Si and inactive
domains can be seen to be less than 15 nm. Inactive phases in Si alloys caitiahhitevdlume
expansion significantlye.g. typically to ~100% volume expansignyith a limited negative
impact onenergy densitysince there is little gain in cell volumetric energy density when Si alloy
volume expansion exceeds 10(8p. As a result, Salloy materials have higher cycling capacity

retention and lower electrolyte reactivity thar{58].
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Figurel.6 (a) Cycling performance of uncalendered and calendtéve8i-alloy (V6) electrodes.
(b) Cycling performance of uncalendered and calendered V6HA#AAgEectrodes with different
MAG-E contents (by weight ratio). MAG is one commonly used graphite for LIBeproduced
with permissiorfrom ref[51]. Copyright 2014, IOP Publishing.
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A practical and neaterm approach for using -$ased materials in commercial LIBstds
utilize them in a blended form with graphite, which additionally buffers the Si volume changes
[7,50]. Such composites can have superior performance in capacity retention, compared to
electrodes comprising an individual active compoua®,52,53] Importantly, ascoated
electrodes are highly porous (~60% porous).To achieve higkvolumetric-enery density,
commercial electrodes need to dmendered to reduce the porosity to about 25%. This is about
the minimum level of porosity that can be used to maximize energy density, while still allowing
adequate penetration of electrolyte for ion conductlrevious studies have shown that the
calendering process worsens the cycling performance-obraining electrodefs1,54] As
shown inFigure 1.6, calendered V6 Slloy electrodes suffer much more severe capacity fade
than uncalendered electrodes. After blending with graphite, the cycling performance of calendered
electrodes significantly improves.
1.5Cathode Materials

LiCoO2 (LCO) is the most commonly used cathode material in LIBs for small portable
devices. The merits of LCO include high energy density and easy syn#&&§6] However,
LCO is usually cycled with a maximum Li extraction of ~0.5 Li per LCO, or the capacity fade is
severe. Consequently, the practical capacity of LCO is ~140 rmAArnpther issue that needs to
be addressed for LCO is the toxicity and high costatfalt, which makes LCO unsuitable for
applications in largscale energy storage.

The demand for cathode materials with higher energy density and lower cost has shifted
academic and industrial interests from LCO to other promising alternatives, sudGsrid
NCA [5,57,58] These lowCo-content cathde materials adopt a similar structure as LCO, with

cationic substitution of cobalt by more inexpensive metals. Benefits of these substitutions include
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not only significant cost reduction, but also an increase in reversible capasi§2,59] For
example, the reported price of Co, Ni, and Mn raw materials are $32GaSQ), $5.5 kgt

(NiSOs), $1 kg* (MNSQy), respectively38]. Therefore, the use afNio.éMno 2C 202 (NMC622)

has the potential teeduce the cathode cost by nearly half (please note that there are some other
costs needed to produce cathode materials from raw materials, such as manufacturing cost, which
has been assumed to be the same for all composif@8is)n addition, NMC622 can deliver a
reversible capacity of ~200 mAh'g~0.7 Li per NMC) when cycled with anpper cutoff

potential of 4.5 V[60]. Due to these advantages, alternatives, such as NMC, have been used in
LIBs for electric vehicles. However, improvements in thdteraative cathode materials are still

required, in terms of synthesis, cyclability, electrolyte reactivity, and sifety

1.6 Electrolytes

Electrolytes serve as the medium for the transfer of Li ions between the anode and cathode
in a LIB. An ideal LIB electrolyte should have high ionic conductivity, high electrical resistivity,
high electrochemical ability, a wide operating temperature range, low cost, and low
environmental toxicity14]. Electrolytes used in commercial LIBs commonly consist of kg2l
dissolved in organic cadmate solvents with some electrolyte additigdg. New electrolytes have
been intensively explored in the past decades, yet their benefits, if any, are not sufficiently
promising to result in adoption by the battery indufdgi 65].

Among numerous Li salts, LiRfas been the obvious winner used in commercial LIBs
over many decades. Compared to othesdlts, LiPk actually has few outstanding properties,
including moderate dissociation constant, ion mobility, chemical stability, and even poor thermal
stability [14,66] The success of LiRFelies on having a webalanced suite properties that meet

all the minimum requirements for LIBs.
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In terms of the electrolyte solvent, ethylene carbonate (EC) is widely considered as an
indispensable component, since it enables the utilization of graphite anodes [61]IB5%s the
most important feature, EC can form an effective passivation film (thea$&i)lon graphite, to
protect the layered structure from exfoliation during cycli@@]. In addition, EC has a high
dielectric constant{{= 8 8 . 6 ),avhich 4ah digsdve lithium salts efficien{§8]. However,
due to its high melting point (36°€) and high viscosity, EC needs to be mixed wither solvents
having low melting points and low viscosities, such as diethylene carbonate (DEC) and ethyl
methyl carbonate (EM($9,70] To operate the LIBs at higher potentials, the necessity of EC has
been challenged recently because of its radftipoor oxidation stability at high potential (> 4.5
V vs.LilLi *) [61,71]

Commercial electrolytes commonly contain elelstte additive(s) at a low concentration
(typically < 10 wt%)[72,73] Instead of entirely replacing the electrolyte system, the development
of electrolyte additives provides a feasible approach to modify electrolyte perforf@dnee75]
Electrolyte additives generally serve as a sacrificial component, which is preferentially
decomposed over other compositions in the electrolyte. This preferential decomposition can form
a favoralte SEI layer on electrodes, which significantly modifies the further reversibility of battery
reactions[76]. For example, Stontaining electrodes cycled in electrolytes with fluoroethylene
carbonate (FEQ3lectrolyte additive have a better capacity retention and a lower parasitic reaction
rate with electrolyte than those cycled without HEEZ,77] This improvement corresponds to the
decomposition of FEQorming fluorinated species, such as LiF, in the SEI layer, which more

effectively passivates thedectrodg78i 80].
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1.7 Solid Electrolyte Interphases

An ideal LIB electrolyte should incur no net chemical changes during repeated battery
cycling. However, the chemical and electrochemical stability of electrolytes in commercial LIBs
are often cha#inged by the strong reducing and oxidizing nature of the anode and the cathode,
respectively{81i 83]. This challenge can become more severe in advanced batteries with higher
energy densitie@B4i 86]. Even though most statd-the-art electrolytes fail to be stable under the
typical potential windows used for battery operation (typicdl@V vs. Li/Li *), LIBs can still
operate for year@87]. The major contributor to this long service lifetime is the formation of the
aforementioned SEI layer, which has a thickness range from 5 to 5{(Z2hm

Despite its importance for batyeoperation having been stressed widely, the SEI layer is
still the least understood component in LIBs, due to its complicated composition and sensitive
chemical naturg30,88,89] For examplethe main compounds in the SEI layer on graphite
electrodes are lithium alkyl carbonates, LibQ,and LyCOz in EC-based electrolytes with LiBF
salt[89]. Various SEI components avdginally from the decomposition of solvents, Li salts, and
some impuritieg90]. The difficulty in understanding the SEI layer involves not only its complex
composition, but also the morphology and arrangement of diverse SEI comp@ica®§ A
widely used SEI model, introduced in 1997, considers that these SEI components are arranged as
a Amosai co st rHporeld[©3 Howaver, tishverywndistinchmodel is incapable
of explaining the continuous electrolyte decomposition that occurs after the initial formation of the
SEI layer. Moreover, the sensitive chemical nature of the SEI layer hinders avetdiriEues
to characterize it. Some SEI components, suchz& amd lithium alkyl carbonates, are sensitive
to the water, oxygen, and even nitro¢@%]. If samples are handled impemy (even exposed to

air for a few seconds), misleading information may be obtained, such as controversial results about
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the presence of kCOz in the SEI layef14,94] In addition, some SEI componentayrn(partially)
dissolve in electrolytef®5]. For these reasos, it is more convincing to characterize the SEI layer

usingin-situ andoperandatechniques.

Figurel.7 Schematic presentation of polyhetero microphase B&printed with permissidinom
ref[30]. Copyright 20%, IOP Publishing.

The formation and growth of the SEI layer consumes actiy24]i The electrochemical
reduction of carbonates mainly follows a singlectron mechanism, consuming one Li ion per
molecule[96]. For example, EC reacts withLande, mainly generating an organic compound,
lithium ethylene decarbonate, at the electrode surface and ethylene gas. The pathway for EC
reduction is presented Figure1.8. Despite SEI layer formation on the electrode surface, further
electrolyte decomposition has not yet been fully prevented, leading to continuous SEI growth and

depletion of the lithium ion inventory ird the battery. This results in capacity fade.
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Figure 1.8 One singleelectron mechanism for EC reacting with" land €. Reprinted with
permissiorfrom ref[97]. Copyright 2005 Amecan Chemical Society

1.8 Characterizatiors of Electrolyte Reactivity

1.8.1 The Measurement of Pdsst-cycle Irreversible Capacity
Once an initial SEI layer effectively forms during the first cycle, further electrolyte
decomposition on the anode should be significantly restricted, gradually reducing to an almost
infinitesimal rate, resulting in a long service life (over several ylearsurrent commercial LIBS)
beforethe cell failure \here 80% capacity fade is often used as an end of life indicatben a
new electrolyte/electrode system is developed, the effectiveness of the SEI layer at restricting
electrolyte decomposition needs to be examined, to reveal the interfacial irreversibility, and to
demonstrate the potential service life of this newtdma system. The measurement of the
irreversible capacity provides a quantitative approach to evaluate the effectiveness of the SEl layer.
CE is commonly used as a measure of the reversibility ofianLbattery system. In full
LIBs, the CE correspondto the effectiveness of the SEI layer in restricting electrolyte
decomposition in most cases. Among three types of cell&ll cells, half cells, and symmetric

cells, the definition of the CE is different.
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Figure 1.9 lllustrations about the CE calculationsitcycle of (a) full cells, (b) half cells with
anode electrodes, (c) half cells with cathode electrodes, (d) symmetri€e@)landQc(i) are the
discharge capacity and the charge capacity) atcle, respectively.

The calculations of CE ifull cell, half cell, and symmetric celbrmats are illustrated in
Figure1.9. For full cells, the CE at thi' cycle is defined as the discharge capa&yi) divided
by the charge capacit@(i). The CE of half cells is defined as the working electrode delithiation
capacity divided by the subsequent lithiation capacity. Accordingly, the GEfalf cells with
anode electrodetypically is calculated usin@c(i) divided by Qq(i), while the corresponding
calculation for cathode electrodes is @) divided by theQc(i). In order to enable comparisons
with the CE obtained from half cells, the CE of symmetric cells is defined in a unique way. The
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fade of a symmetric cell is directly related to the CE of the electrode in a half cell. In this report,
symmetric cell dscharge is defined as the process in which Li ions move from tHehmaeed
electrode to the prdelithiated one (or the fresh one), while the symmetric cell charge is defined
as the reversed process. In most cases, the CE of symmetric cells isexhlonltdie basis of the
discharge capacity at tfifécycle and the previous cyd26], as shown ifFigure1.9(d). However,
greater accuracy in CE determination from symmetric cells can be achieved if the CE is calculated
from the accumulated fade from many cycles.

Accurate CE determinatias actuallyvery challenging. One common approach is to cycle
full Li-ion cells where the Lisource is limited. During cycling, full cells are first charged to a
certain upper potential limit, then discharged to a certain lower potential limit, and then repeatedly
cycled in this manner. The irreversible capacity from the electrolyte decomposition can be
obtained through the measured capacity fade during cycling. The capacity fade after each cycle is
very tiny (for example, cells, enabling to cycle 1000 times untiacip drops to 80%, have an
average capacity fade of only 0.02% at each cycle). This tiny capacity difference is beyond the
precision of traditional battery test equipment, such as the commonly used Maccor 4000, which
measures capacity with an error of 83&%[98]. For this reason, a cycling test over hundreds or
even thousands of cycles is requiiedyrder to eliminate the charger error. As a result, this method
typically requires months or even yedesestimateaccurate CHif the test condition is well

controlled)when traditional battery test equipment is used
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Tablel.1 Specifications of battery test equipm§g2i3,99]

Manufacturer Current Potential Current Potential Time between
resolution resolution accuracy accuracy measurement
Maccor 4000 16 bit(1 in 16 bit(15 0.020.05%  0.02% of 0.01s
series 65536) HV) of full scale  full scale '
Dalhousie . 0.005%o0f  0.0025% of
<
HPC 1in 19,999 10nv full scale full scale 1s
08997 — ;
Before Calibration ho ok
il'Ftfl,g‘la,’\fnillpij'h‘""““"“ “rinf i]i
0.89965
0.8996 - -
S TP
5 Pustvagsmntant W
£ 0.8883 — T — |
s After Calibration
g _
® 0.88825 -
0.8882 - 8
0.88815 : - :
0 4 8 12 16 20 24
Time (hrs)

Figurel.10The absolute value of the potential across a resistor with a positive and negative current
of equal magnitude alternating every six minutes before (top panel) and after (bottom panel)
calibration. The red arrows represent an error in current equalitypaftlin 10,000Reprinted

with permissiorfrom ref[98]. Copyright2012, Aaron Smith.

To acceleate this evaluation process (to only weeks), HPCs are used. The specifications

of an HPC and a traditional battery charger (Maccor 4000) are summariZeblml1.1 for

comparison. The benefits of HPCs include high potential and current precision and high equality

between positive and negative currents. The current equality, as the most important feature of HPC,

is carefully controlled, as shown Figure1.10. Considering that the CE measurements for full
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cells and half cells depend on both charge and discharge capacities, chargers with a high equality
of positive and negative current are essential for obtaining CE values with high a¢é8taty

other words, the measured CE of full cells and half cells using a standard charger might be
unreliable. Due to the improved performance in coulombic measnt, HPCs have been
successfully applied to evaluate the CE of electrode materials cycled under various conditions,
such as at different potential ranges and with different electrolyte compof24on3,75,100,101]

This has enabled rational electrode and edgde choices towards long battery service lifetime

and high energy densif§1,102] However, the high cost of HPCs limits their use.
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Figurel.11 An illustration of the construction pathways for makiia)a conventional symmetric
cell and (b) a DHCReprinted with permissidinom ref[28]. Copyright 2018Elsevier

To efficiently and accurately measure the irreversible capacity using a standard charger,
symmetric cells, having two identical working electrodes in each cell, have been introduced. The
CE and irreversible capacity of symmetridl€@re obtained from either the discharge or charge
capacity[26]. The useof symmetric cells avoids the inaccuracy caused by inequalities in positive

and negative currents of a standard charger. In addition, the per cycle irreversible capacity
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measured in symmetric cells is doubled compared to half cells, due to the presendceerftical

working electrodes in each cell. An amplified irreversible capacity leads to a relatively low
precision requirement for the charger. However, due to the complex assembly process and
electrode alignment issuaxynventional symmetric cells canffer from poor reliability and low

CE measurement accurg@y]. To address these issues, DHCs were desi@1@dAs shown in
Figurel.11, the assembly of a DHC is simple and the electrode alignment issue is totally avoided,
due to the Li foils used having a larger diameter than the working electrodes. Adt,aDEESs

have better cycling performance and provide a more accurate CE measurement than conventional

symmetric cells.

1.8.2 Electrochemical Impedance Spectroscopy

Due to the electrolyte decompositions, the formation and growth of the SEI layer can
greatly influence charge transfer kinetics at the electebeletrolyte interface. EIS provides a Ron
destructive approach to characterize interfacial charge transféickjrend to monitor SEI layer
formation and growth during cycling. EIS is an electrochemical technique which applies, in most
cases, small perturbing AC voltage signals at various frequencies to an electrochemical system.
The current responses of thistgya are then recorded. The impedance of this system, as the ratio
of the input voltage to the output current, can be acquired, as a function of the frequency. Cell
impedance provides abundant information, including internal electrical resistance, dkebiutly
resistance, ionic resistance in electrode pores, interfacial resistance at the electrode/electrolyte
interface, and the solistate diffusion resistance in electrode matefE0S].

To investigate the interfacial impedance growth on working electrodes, EIS measurements
have been conducted mainly by tways pairing the electrode with a reference electrode (as in a

half-cell) [104i 107]or pairing with an identical working eleotle (as in a conventional symmetric
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cell) [44,108] The use of a reference electrode, such as Li metal, is a conventional approach, in
which the impedance can be convenienthasueed under a certain potential, state of charge, and
cycle number. However, the impedance from the reference electrode is inevitably included, and
the removal of this impedance is typically difficult to accomp|ib3]. Therefore only changes
in working electrode impedance can be measuredjsfassumed that the impedance of the Li
electrode is constant (which it often is not). If conventional symmetric cells are used, the acquired
impedance only comes from one type of electrode. As a result, the use of conventional symmetric
cells totally avais the interference from a different electrode, and accurate impedance
measurement is ensured. However, as a drawback, products of electrolyte reactions at both
electrodes in a full cell can contribute to the SEI. Therefore, botftbhind symmetric ¢deEIS
measurements may not fully represent an electrode's SEI characteristics when used in a full LIB.
The interpretation of EIS spectra is also challenging and sometimes even controversial,
mainly due to the complicated nature of electrodes and theaelefdlectrolyte interface. In order
to interpret the acquired impedance, the related electrochemical processes need to be modeled with
an equivalent circuit, and then the interfacial impedance can be extracted on the basis of selected
models[35]. Common models consider the working electrode as eitheranflaamooth film or a
single intercalation particld5,109,110] Underthis assumption, the following extraction process
becomes straightforward. However, these simple models have difficulty simulating electrodes with
complicated compositions, such as electrodes containing two different active materials. In addition,
these mdels fail to consider the effect of electrode mass loadings, a basic variable for most lab

made electrodes, on the impedance respdis.
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1.8.3 Other Characterization Methods

Electrolyte decomposition and the SEI layer have been studied with other analytical tools,
bothex situandin situ. Theelectrochemical quartz crystal microbalance (EQCM) provides-an in
situ approach to probe interfacial processes, such as SEI layer ¢@owithl] Acoustic waves
are delivered to the sample to measure its resonant frequency, which is related to the sample mass.
The change of sample mass, such as from SEI formation and growth, shifts the resonant frequency
[112]. Due to its high sensitivity to maschanges, EQCM recently has been applied to
guantitatively identify electrolyte decomposition reactions occurring on graphite electrodes at
different potential$90].

Atomic force microscopy (AFM) has been developed as aitintool to investigate the
morphology of the SEI laygi13]. On the basis of the force between its sharp tip and sample
surface, AFM can produce topographical images of the sample surface. The samples can be
characterized in ambienirar even a liquid environment. For this reasorsiin examination of
the morphology of SEI formation is possilpliel4]. However, it is difficult for AFM to provide
guantitative insights about the SBEr[90].

Someex situcharacteration methods, such asrdy photoelectron spectroscopy (XPS)
[115,116] SEM [117], TEM [118,119] and gas chromatograpli$20], have been applied to
provide critical chemistry about the electrolyte decomposition and the SEI layeex&mple,

XPS is a commonly used technique to investigate the composition of the SEI layer. By providing
a beam of Xrays to the sample while measuring the kinetic energy of ejected core electrons, the
binding energy of the core electrons can be obtaiwldh is characteristic of the element from
which they came. The binding energy shifts when the oxidation state of the element changes. Thus,

the composition of the SEI layer can be determined using XPS. The major concerns about the use
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of ex situ charaerization methods is related to the preparation process, which might alter or

contaminate the SEI lay§22].
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CHAPTER 2 Lifetime as the Key Parameter for Rechargeable Batteries: Potassiwion
Batteriesas An Example
Z. Yan proposed the model and performed the experiments. M.N. Obrovac provided
guidance for data interpretation. Z. Yan and M.N. Obrovac prepared manuscript. Figures and text
in this chapter are reproduced with permission from Journal of Pwweces 464 (2020) 228228.

Copyright 2020, Elsevier.

2.1 Introduction

Remarkable progress has been made to harvest energy from renewable energy sources
towards a sustainable energy future with zero carbon aimblition emission$121]. With the
rapid innovation of renewablenergy technologies, the need for eefective energy storage
systems has been growing significantly to convert intermittent renewable energy to electricity on
demand3,122] Electrochemical energy storage (EES) is considered a promising option for this
conversion due to low geographical restrictions, high retipcefficiency, and fast response time
[3,123,124] Despite many effts that have been made towards advanced rate capability, superior
safety, increased lifetime, and ultrahigh energy denasitg fundamental and consensual target for
developing practical EES technologies is to reduce theift2st128].

Ever since graphite wasported as host for reversible K de/intercalation, potassiiom
batteries (KIBs) have rapidly attracted intensive interest as a potentially low cost EES technology
[123,129 132]. KIBs are commonly considered to have cost advantages over libiubatteries
(LIBs) and/or sodiumon batteries (NIBs), mainly on the basis of three key factors: (Iotteof
K resources, such as,®@G0s, is lower than that of Li resourc¢$23]; (2) the replacement of

relatively expensive Cu foil with Al foil as the anode current collector can reduce the cost of KIBs
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[38]; (3) KIBs potentially have a high operating potenfid3], potentially resulting ira higher

energy density than NIBs. Unlike these cost benefits, which are frequently stated, key drawbacks
of KIBs, which would result in an increase of battery cost, are often understated. For instance, the
theoretical capacity for Kntercalation in gralpite is only 279 mAh @, which is 25% less than the
theoretical reversible capacity of graphite in LIBs (372 mAh [34]. In addition, K (1.4 A

radius) has a larger ionic radius thah (0.76A) or Na' (1.0 A)[133]. A lower reversible capacity

at the anode and a larger ionic size would tend to result in a decrease in the theoretical energy
density, potentially resulting in a cost increase from the additional battery materials required to
achieve the same level of enesgigragg128].

Major efforts on the development of KIBs have been devoted to searching cathode
materials with high energy density that are preferably based on inexpensive transi@bn
elements (such as Fe, Ti, and Mb31,135] Stateof-the-art KIB cathode materials are mainly
categorized into three groufds31]: layered oxidesg.g.Ko.e5F&.sMno.s02 [136], Ko.sMNnO2 [137],

KCrO. [138], and KkeCoO; [139]), hexacyanometalatese.¢g. KoMnFe(CN) [127] and
K1.79VIn[Fe(CNXJo.93H20 [140]), and polyanionic compounde.§. KVPO4F [141]). Some of
these material®e(g.Ko.es&.5Mno.s02 and KkMnFe(CN}) have moderate energy density and are
potentially low cost because of the use of inexpensive elements. For examte;e{CN)
shows a reversible capacity of ~150 mgl, with an average potential of ~3.9 V (at equilibrium)
and density of 2.19 g cfy resulting in a specific/volumetric energy density of ~580 WH/ kg
~1300 Wh [! [127]. However, most of the KIB cathode materials have lower energy density,
poorer cycle life, and more severe side reactions with electrolytes than LIB cdt®dé81,135]

The latter factors can cause a rapid fade in full cells, limiting their practicality.

26



In this study the cost advantage of KIBs compared to LIBs is examined by undertaking a
cost analysis of every step of the bat@gnufacturing procesAs a result of this analysis, battery

lifetime was found to be crucial to the economics of KIBs.

2.2 Battery Cost Model

The analysis of battery capital cost, expressed as the unit cost of energy capacity, was
conducted using the Bary Performance and Cost Model (BatPac, version 3.1) from Argonne
National lab[38]. BatPac is a bottorap cost model, which estimates the battery capital cost by
accounting for every step in the battery manufacturing process. In this work, all battery pack
models were designed to have an available energy of 50 kWh, which is competitue Tesla
Powerwall® battery packs having a total usable energy of 54 K\M/A,143] The maximum
electrode coating thickness was 108 for each coated sidsince electrode coating thicknesses
are typically restricted to be below ffh, to minimize cracking and electrode delaminafict].
In addition, KIB electrode materials typically have a large volume change during K
de/intercalation due to the largé Knic radius (graphite has a large wale expansion of ~60%
upon potassiation, compared to only 10% upon lithiatj®®3,133,134] Thus, an ultrahick K
electrode (>10@m) has a high risk of poor capacity retention during cycling. For neterhes,
the usable percentage of maximum battery energy was considered 85%. Such restrictions on
battery energy usage are commonly used by manufacturers to increase battery| 1ifi5iGv%0]
The capacity ratio of anode to cathode, Mif ratio, was set to 1.1. This is a typical value for
commercial Liion batteries, where the negative electrode has a designed excess capacity
compared to the cathode. This linthe potential safety risk and accelerated aging caused by alkali
metal plating at the anode if the cell were to become unbalanced during ¢¥4lihdt is assumed

here that a similar N/P ratio would be required to avoid K plating-ionkcells.
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A model LIB consisting of LiNbeMno2Con202 (Li-NMC622) cathode and a graphite
anode (on Cu foil) waselected as a reference system. In all KIB models, graphite with a reversible
capacity of 260 mAh 4 was used as the anode active material and Al was used as the anode
current collector.The averge potentiad of KIB electrode materialsvere obtainedfrom the
literature, on the basis of the equilibrium state measured ircéldf which was obtained from
the midpoint between discharge and charge curves in the second cycle. This represents the bes
case scenario, assuming that the potential hysteresis of KIB materials, which is generally larger
than that of Li materials noyi23], might be greatly narrowed in the future. For the same reason,
the internal impedancef KIBs was regarded as the same as that of LIBs, despite KIB materials
typically having a much larger impedance than those of LIBs (for exampasfoundin this
studythat graphite electrodes have two orders of magnitude larger interfacial impedance in KIBs
than in LIBs, as shown iRigure Al). The specific capacitgf KIB cathodes was also obtained
from literature and the density of KIB materials was calculated on the basis of their crystal
structures. The initial irreversible capacity of electrode materials, and any volume expansion
during lithiation, both of whicleould reduce the usable battery energy significantly, were ignored,
again to give the bestase scenario model for KIBs. More details of the battery parameters used
can be found in thAPPENDIX B.

One major difficulty in modelling the cost of KIBs is taopide a reasonable price of KIB
cathodes and electrolytes. Thus, the price of cathodes was estimated within a range based on an
estimated manufacturing cost and the cost of raw matefiaésprice of raw materials and the
calculation of cathode price adetailed in theAPPENDIX A. This led to the use of price ranges,
to take into account errors in the estimate, rather than quoting exact YWiwre possible, a best

case price scenario was estimated based only on raw material cost. For example, raw material costs
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of Ko.sCoQ, and Ky sMnOz (KIB candidate cathodg437,139) used in this work are $19.86 kg

and $1.68 kg, respectively An upper price bound was set by assuming a maximum $5 kg
manufacturing costlere, K.eCoQG; has a higher price due to the high cost of Co raw material.
The price of more common materials could be obtained more accurately, for instahte the
NMC622 price was set 17 kg™ [38]. KIB electrolyte was assumed be thesame price as LIB
electrolyte. It is possible that KIB electrolyte may have a lower price than LIB electrolyte.
However, the price difference between these two electrolytes would likely be small (<1.7%), if Li
is simply exchanged for Xin the electrolytd128]. The sme approactvas usedo estimatelie

cossk from purchased items (cell hardware, module hardware, and battery jaskgporting
systems (battery and thermal management systeans),other cost (including direct labor
summary, variable overhead, general, sales, administration, research and development,
depreciation, profit, and warrantfor Li and K batteriesAlthough the use of emergirzattery
technology likely increasethese cosst, the assumptions used here wereended represent the

lowestcost scenario for KIBsThe currency used in this work is US dollars.

2.3 Results and Discussion

To explore whether KIBs have cost advantages over LIBs, a simple approximation is made
here by theoreti cal INVC6RRgGmhite (KNMQ/G)dattdry based oo a a |
Li-NMC622/graphite (LNMC/G) battery. In this model, elemental Li in the achexchanges
with elemental K, but the capacity, the potential profile, the density, and even the molar mass of
the cathode are assumed to be the sameelEment exchange is only assumed to affect the
cathode priceThe Cu anode current collector is ragd with Al foil. Graphite capacity decreases
from 360mAh g? (i.e. the practical capacity of graphite in aibn cell) to 260mAh g? (i.e. the

theoretical capacity of graphite potassiation to formgK@ is also assumed that the cycling
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performanceand the safety of Hon batteries are equivalent to-ion, which has not yet been
demonstrated. These assumptions represent-@dmsiscenario model for aiéh cell, especially

since kion cells would almost certainly have lower volumetric energy thetisan Liion cells.
Therefore, any practical4on cell would almost certainly have a lower energy density and higher
cost than represented by this model. This method has also been applied to examine the cost benefit

of NIBs over LIBs[128].
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Figure2.1 (a) Cost breakdown for LNMC/G and KNMC/G batteries. Purchased items include cell
hardware, module hardware, and battery jacket. Supporting systems are battery and thermal
management systen@ther costs include direct labor summary, variable overhead, general, sales,
administration, research and development, depreciation, profit, and warranty. (b) Total cost,
available energy, mass, and volume for the LNMC/G and KNMC/G batteries.

The cost rduction from exchanging Li for Kvas estimated on the basis tbke cost

difference between raw materials. The price o€0; and K.CO;s are $.5 kg* [128] and $0.8 kg
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1 [148], respectively The element exchange results in a price decrea$@.affor 1 kg of K
NMC622 compared to ENMC622 To manufacture a 5kWh LNMC/G battery, a total amount

of 85.2 kg LEINMC622 is requiredThe use of a corgponding KNMC622 cathode material
results in a cost decrease of $187.44 per battery pack (as shieiguarig?.1(a), the final reduction

from the cathde is $192.9 per battery pack; the extra reduction comes from the cost of the cathode
production volume variance in the BatPac moddlich is based on the difference between the
actual and budgeted cathode produdtidinis amount of reduction accounts tdmost 2.6% of

the cost of the LNMC/G battery ($859.32).

Another cost advantage of KIBs is the use of Al foil for the anode current collector. This
is permitted, since, unlike Li, K does not alloy with Al. In the BatPac model, the price of Al and
Cu foil were set to $0.3 rhand $1.2 1%, respectively[38,128] According to thignodel, in the
Li-ion battery, 217.68 fof Cufoil (for the anode) and 205.2%wf Al foil (for the cathode) are
used, corresponding to a $322.86 total current collector cost per battery pack. ldkterig,
larger current collector areas are nee@82.32 nf and 277.2 rhfor the anode and the cathode,
respectively. This is because the lower volumetric capacity of graphite for K requires that more
graphite be used in the-idn cell to match the energy of the-ibin cell. As a result, the KNMC/G
battery has a cost advantage of only $152.01 per pack oMeNME/G battery from the current
collectors.

In addition to the larger required amount of current collector, the BatPac model shows that
the KNMC/G battery also requirdarger amounts of aned separator, electrolyte, and graphite
and binder, compared to the corresponding Li batféms isdue tothe lower volumetric capacity
of graphite for KIB4133]. For example, each KNMC/G battery paekuires 66.96 kg of graphite,

49151 nt of separator, and 33.84 L of electrolylie comparison, the LNMC/G battery requires
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only 48.6 kg, 362.88 fand 27.84 L, of the same components respectiFyre2.1(a) shows
the cost of theanode, separator, and electrolyte in these two batteries. Compared to the
corresponding Li battery, each KNMC/G battery pack requires an additional $219.30, $141.48,
and $89.10 cost for the anode, separatod, electrolyte, respectively. As a result, the KNMC/G
battery pack has a total cost of $7,537.29, which is $177.97 more than the LNMC/G battery pack
(Figure2.1(b)). In addition, the KNMC/G battery pack is 15% larger in volume and 8% more in
weight, compared to the LNMC/G battery pack of the same energy. More details of battery costs
can beound inAPPENDIX B. According to this analysis, the cost 0$COs; would have to reach
$11.5 k¢! (i.e. almost double the current price), in order for thédi battery to reach cost parity.

A cost analysis of KIBs was also made based on currently kneisn &athode materials.
The widely investigated fon cathode materials included in this analysis can be divided into three
groups: hexacyanometalates, layered oxides, and polyanionic compb28ds1] It is difficult
to havetheactualcost of these materialwhich are not widely available in the market for batteries
Therefore Figure2.2 shows the estimated battery capital cost calculated using the BatPac model
when these materials are used as the cathode arfdtgriaghe anode plotted as a function of the
cathode price. The cost of aNMC622 vs. graphite Lion battery is also shown for comparison.
Where possible, KIB cathode raw material costs are shown, which represenicasieekiiB
cathode price scenariocAn upper price bound was set by assuming a maximum $5 kg
manufacturing cosiThe K-ion battery capital cost rises linearly with the cathode price. The type
of cathode has a great influence on the total battery cost. Compared to the other cathodes, the
KoMnFe(CN}) cathode results in a relatively lower capital cost. This low capital cost is a result of
the high capacity (~150 mAhYy and the high average potential (~3.9 V) afviaFe(CN}.

Nevertheless, the cost of all thesedd batteries is higher thdahe Li-ion reference battery, even
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though the Kion model is based on best case theoretical capacities, while-tbe kriodel is

based on practical capacities. More details of these models can be foRBENDIX B and

Figure A2.
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Figure2.2 A summary of the capital cost of KIBs with selected cathode active materials (coupled
with the graphite anodéd33]). Cathode prices were estimated with a range. The capital cost of a
LIB with Li-NMC622 as cathode (its price was set to Kij7) is presented as reference (red
dashed line). Selected K cathodes are divided into three groups: hexacyanometalates.égreen),
KoMnFe(CN} [127] and Ki.7sMn[Fe(CN}Jo.03 H20 [140]; layered oxides (black).e. Ko.sMnO2

[137], KCrO: [138], KoeCoO: [139], and K .es-&n.sMnos02[136]; polyanionic compounds
(orange),i.e. KVPO4F [141]. Where known, raw material costs are shown as adasst price
scenario.

Our results above indicate tredk K-ion batteries considered have alteégcapital cost than

the reference Lion battery, due tdhe use of low energy density electrodes. However, many
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researchers have stressed the battery cycle life needs to be considered as one of the most important
features for the energy stordd@4,128,149152]. The battery capital cost over cycle life has been
recommended as the key factor for cost promise evalu@jomhis consideration should be true

since many strong competitors for energy storage, such as pumpedtoydge and compressed

air energy storage, can be operated over ded&dEs3] In addition, LIBs using lowenergy

density electrode materials, such asTigO:1> as anode and LiFeR@s cathode, have attracted
intensive attentions for energy storage applications, mainly due to their long cyldel b, 155]

To illustrate the impact of battery lifetime on cost, the annualized battery capital cost is used,
with an expression of the battery capitakt over battery lifetime (unit: $ kWhyear?). Details
of the calculation can be found BWPPENDIX A. This annualized cost is practical for cost
evaluation since many energy storage stations, such as the Tesla Powerwall®, have been often
designed witha certain service lif¢143,156,157] The annualized cost is also convenient for
making comparisons with related energy storage amdebt technologies that widely use
annualized cost for economic evaluat[@B8i 162].

Up-to-date commercial LIBs can complete 1000 cycles with 80% capacity retention
[146,163,164] Although the battery lifetime is strongly associated with cycling conditions
[156,165,166]asimple scenario is assumed here that these LIBs have a service life of 2.74 years,
i.e.one cycleper day.This magnitude of the longevity has been wide sed baseline for battery
researcl23,164] and is more appropriate for commercial applications. Batteries for automotive
and grid storage applications have much longer lifetimes. Nevertheless, the main conclusions of
this study becomeven more pronounced as the lifetime is extenBaded on a 2.74 year service
life, the annualized capital cost of the Li reference battery is estimated to be $59.69éavh

The corresponding values for KIBs with various cycle lives 200, 750,1000, and 1500, were

34



investigated, although commercial KIBs with ragueous electrolytes have not yet been reported.
Four KIB fictional cathodes, labeledB were used, having energy densities as follows: A: a low
energy density KIB cathode typical ofroent prototype materials, B: a moderate energy density
KIB cathode, having the theoretically highest energy density that could be achieved with the best
prototype KIB cathode materials, C:a high energy density KIB cathode with similar energy density
as hgh-performance LIB cathodes, and D:a ultigh energy density KIB cathode having superior
energy density than higherformance LIB cathodes. Detailed characteristics of these cathodes are
described inrable2.1.

Table2.1 Cathode materials used to compare current LIB with potential KIB technologies.

Cathode | Description Vavg Q } E E
(V) | (mAhg") | (gcmd | (Whkg?) | (Wh L)

Li- LIB reference 3.85 | 180 4.65 693 3222

NMC622

Cathode Al Low energy density KIB 3 100 2.5 300 750

cathode with characteristic
typical of current prototyps
materials.

Cathode B| KIB cathode with| 4 150 3 600 1800
specific/volumetric  energ)
density, (slightly) highel
than that of the best curre
prototype materials, such i
KoMnFe(CN} [127] and
KVPO4F [141].

Cathode C| High energy density KIE 4.5 | 170 4.5 765 3443
cathode with significantly
higher characteristics the
that of current prototypt
materials (ompetitive with
advanced LIB cathodes |
energy density).
Cathode D Fictional ultrahigh energy 5 200 5 1000 5000
density KIB cathode (ven
difficult to be prototypec
even under a lonterm
development).
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Figure2.3 Effect of the KIB cycle life on annualized capital cost: (a) 1000 cycles, (b) 200 cycles,
(c) 750 cycles, and (d) 1500 cycles. Four fictional cathodes (cycling potential at 50% state of
charge, reversibleapacity, density) were selected for exploring this effect: Cathode A (3 V, 100
mAh g?, 2.5 g cn?), Cathode B (4 V, 150 mAh'g3 g cn?), Cathode C (4.5 V, 170 mAh'g4.5

g cni®), and Cathode D (5 V, 200 mARhtg5 g cn?). Cathode prices wegiven with a range. The
LNMC/G battery with a cycle life of 1000 was used as reference.

Figure2.3 shows the annualized capital cost of KIBs that theesame cycle life as the
Li reference battery. The KIB with lownergydensity Cathode A has a higher annualized capital
cost than the Li reference battery regardless of cathode price. Usingighranergydensity

Cathode D, the KIB can have an anmed cost benefit compared to the Li battery, when the
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cathode price is below $30.26kgThis trend agrees with the results above that the use of high
energydensity electrodes can decrease battery cost, if good cycle life is maintained.

After a thoroughsearch of the relevant literatungp-to-date noraqueous KIBs typically
have a poor cycle life (<200 cycles) when examined under proper test conditions, including

relatively slow discharge/charge ratés (C)[139,140,167169]. Among these KIB prototypes,

one of the best cyclabilities has been achieved with a grapiefe(CN} full cell with 7 mol
kg potassium bigluorosulfonyl)amide in 1,2limethoyethane as electrolyes7]. However, this
full cell had linear capacity fade at a cycling ratd Gfand only 85% capacity retention after 101
cycles.Figure 2.3(b) shows the annualized capital cost of KIBs that have a cycle life of 85%
retention a200 cycles. The lowest annualized capital cost among these KIBs is $324.04 kWh
year!, which is more than five times as that of the Li reference battery. Even if the battery cycle
life is improved to 750 cycles, these KIBs still have little benefit eratinualized cost, as shown
in Figure2.3(c). Figure2.3(d) shows that a significant cost benefit could be achieved in KIBs that
have a 1500 cycle cyclde. For example, a KIB even using the low energy density Cathode A
can have a lower annualized capital cost than the Li reference battery if itss frétew $10.43
kgt

A key conclusion of the above analysis is that achieving good cycle life is essential in
lowering battery cost. Thus far, cycle life has proven to be a major issue for KIBs. An unavoidable
challenge for nonaqueous KIBs is the supgigs of continuous irreversible capacity at the
graphite anode. This irreversible capacity is mainly caused by electrolyte decompdgiion
Results ofmeasurements from this study show tha highest steady CE for reversible K
intercalation coulde achievel with graphite anodes in different-&ectrolytes is 99.2% while

99.8% could be achieved for-lntercalation, using an electrolyte with no special additives (shown
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in Figure A3). Future KIB research should focus on the development of an optimized
electrolyte/graphite system. Such optimized systems will need to exceed the 99.9+%eQ&dachi
in today's commercial LIBs in order for KIBs to reduce battery costs.

Although KIB technology is greatly unexplored and future work is likely to result in
improvements in cycle life and energy density, it is well to keep in mind that LIBs are also
continually improving. For example, recent research reported thabnLicells with
LiNi 0.sMno sCn.2O-/artificial graphite could have only ~4% capacity fade after 4000 cycles with
a C/3 rate at 20 °[156]. This advanced LIB protgpe provides a promising future for LIBs in the
applications of energy storage systems, which pushes the bar even higher for KiBs. The main
driver for KIBs is that they may be manufactured using only highly abundant resources, like K,
which are likely to emain low cost far into the future, while LIBs are made from less abundant
materials. However, such considerations do not affect the outcome of theimtetehs of the
battery costConcerns about LIB costs are mainly related to the potential for cosaiges in Li
and Co resources. Howevaruch progress has been made in the design of Li cathodes with only
a small amount of Co or even without {1G0]. Therefore, the main resource concern for LIBs is
the potential price increase in Lisaurces. However, potential impacts of Li raw material price
increases are often overstated, since the amount of active Li in a LIB is small. For instance, if the
Li raw material price is doubled the LIB cost estimated by the model would increase bygnly 3
which would have no impact on the conclusions of this study. Indeed, a previous study has
demonstrated that even more extreme increases in lithium cost (from $t&%2p kg) would
result in small increases (<10%) in total battery ¢bgi]. Moreover, LIB prices have actually
followed a decreased trend in recent years, from ~$1000'KvR010 to ~$200 kWhin 2016,

ard to an estimated price of $124 kWhn 2030, mainly driven by manufacturing optimization
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[172]. Such considerations make achieving long cycle life IB Kven more necessary for
demonstrating their practicality. It should also be mentioned that additional factors, such as safety,
that have not been fully explored may also be key to KIB commercialization.

Na-ion batteries have been considered as altenaptions for energy storage. Based on
the Reference [9], a hard carboiaMnO; sodiumion battery can cost 20 % more thaANMC
622/G LIBs. The KIBs with KVPGF cathode can have a lower capital cost than the seidinm
battery by 15%. Howeveprototyped sodiumion batteries can achieve at least 300 cycles with
80% capacity retentiofi73]. Thereforejt is even difficult for current KIB protiypes, with the a
cycle life of <200, are even difficult to compete the with sodiambatteries with regard to theon
an annualized capital cost basis.

Many other alternative options for electrochemical energy storage have been proposed,
such as Mgon, Al-ion, Znrion, and Cdon rechargeable batterigs74]. These postIBs could
have some potential benefits to compete with LIBs in the battery capital cost, including higher
energy density and lower cost in electrode materials. However, considering the dominance of cycle
life in determining cost demotrated in this study, the same outcowmuld likely resultfor these
other chemistries:e. any cost improvement over LIBs must be accompanied by an improvement
in battery lifetime.
2.4 Conclusions

A cost analysis on KIBs has been conducted on the bi#ie ®@atPac model. ANMC/G

battery consisting of a LNMC622 cathode and a graphite anode, was selected as the reference
battery and compared&o f i ct i onal h i gNNMC6@2igeaphgey KNME/B)Dattery. A KO
Cost reductions in cathode and curreoliectors could be achieved by utilizing KIBs instead of

LIBs. However, due to the relatively low energy density of graphite in KIBs, the total cost of the
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KNMC/G battery was found to actually increase by 2.4%, mainly caused by material increases in
anoa, electrolyte, carbon, binder, and separator. Further analysis with different cathode models
shows that achieving superior cycle life to LIBs is essential for KIB technology to have reduced
cost. This is true even of the typical l@mergy density KIB priotype materials of today:e.
reduced cost can be achieved with these materials, if their cycle life is improved. These results
demonstrate that the promise of KIBs asow-cost alternative to LIBgan be significantly
improved if ultralong cycle life is achieved.his study furthermore demonstrates the importance

of cell lifetime in all battery chemistries, including LIBs, in reducing cell cost. A study of battery
degradation mechanisms that caduce lifetime represents the focus of the remainder of this

thesis.
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CHAPTER 3 EXPERIMENTAL TECHNIQUES
3.1 Cell Construction

3.1.1 Half Cells

Half-cell construction was conducted in anfAled glovebox using standard 2325 coin
cell hardware. Haltells comprisd a working electrode and a Li metal counter/reference electrode.
The electrodes were separated by microporous polypropylene/polyethylene separator(s), as shown
in Figure3.1(a). Working electrode disks were punched from electrode coatings using a £.35 cm
area circular punch. Lithium metal electrode disks (2.5%israrea) were punched from-hetal
foil (thickness of 0.38 mnAldrich, 99.9%). Two layers of microporous polypropylene (Celgard
2300) with one layer of polyethylene blown microfiber (BMF, 3M Company) were used as cell

separators. Electrolyte was added betmia cells weresealed.

a _ b .
( )Q Stamnless steel cap ( )Q Stainless steel cap

Plastic seal Plastic seal

Two Cu spacers Two Cu spacers
Li metal [—— Working electrode
Separators Q Separators
Workmg electrode Workmg electrode

Stamless steel can Staimless steel can

—

Figure3.1 Exploded view of (a) a coitype half cell and (b) a coitype conventional symmetric
cell.
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3.1.2 Conventional Symmetric Cells

Conventional symmetric cell construction was also conducted in ditledr glovebox
using standar®325 coin cell hardware. For each conventional symmetric cell, two identical
working electrodes, one plighiated and the other pigelithiated {.e. one lithiation and then one
delithiation halfcycle) in half cells, were used. To avoid the lithium ipigt the mass of the
lithiated electrode was always chosen to be slightly less Hau02 mg that of the paired
delithiated electrode in each conventional symmetric cell. The two electrodes were carefully
aligned to minimize misalignment. Conventionaimsgetric cells have very similar structure to
the half cells, except the use of two working electrodes, as showigime 3.1(b). During
symmetric cell cycling, active Li is removed from one working electrode and inserted into the
other working electrode during each cycle.
3.1.3 Double Hakcells

DHCs were construatke by first constructing two halfells with identical working
electrodes, one piléhiated and the other pidelithiated, as in the case of symmetric cells. The
cells were then connected in series via their lithium metal terminals, as shéiguia3.2(a).
During DHC cycling, active Li is removed from one working electrode while active Li inserts into
the other working electrode. Thus, DHCs share alaimvorking principle to conventional
symmetric cells during cycling. For this reason, DHCs are considered as a new type of symmetric
cell. Compared to conventional symmetric cells, the use of DHCs avoids the complicated assembly
process and electrode@iiment issue, which may cause inaccurate measurement in capacity fade.
The use of compliant Li foil as the counter electrode also aids in maintaining uniform stack

pressure.
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3.1.4 Quasthreeelectrode Double Haifells

Quasithreeelectrode double hatfells (QDHCs) were designed to understand the capacity
fade of electrodes in symmetric cells. As showRigure3.2(b), QDHCs have the same structure
as DHCs, except voltage sense leads are connected to monitor the potential between the Li metal
terminals and one working electrode. In this thesis, thalglithiated electrodes were chosen to
connect the additional voltrtex. Voltage sense leads from Maccor 4000 charger channels (input
impedance 40 q) were used as these voltmeters. Current leakage through the additional voltage
sense leads, though small, was nevertheless large enough to noticeably impéfa.chictrefore,
such cells were principally used for understanding individual electrode behavior in symmetric cells

and not for quantitative coulometric studies.

(@ ()

Stainless steel can

Working electrode
Separators
Limetal

Two Cu spacers

Plastic seal

Stainless steel cap Battery
Test
System

Battery
Test
System

Stainless steel cap

Plastic seal

Two Cu spacers

. Volfmetex
Limetal

Separators

Working electrode

Stainless steel can

Figure3.2 Exploded view of (a) a doubleti-cell with a connection to the battery test system and

(b) a quasthreeelectrode double hatfell with a connection to the battery test system and an
extra voltmeter.
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3.2 Electrochemical Measurements

3.2.1 Cycling Tests

Cells were tested by chargingdadischarging with a constant current until the upper cut
off potential or lower cubdff potential was reached. In some cases, a constant potential hold was
applied after the cells reaeth the cutoff potentiak, to minimize the impact ofincreased
impedance onmeasired capacityandto simulate cycling protocols used in practical cells. (
"CCCV" cycling). During this step, cells were held at the-offtpotential until the applied current
dropped below a certain valughich will be specified irrach clapter The term, C rate, refers to
the current required to fully charge or discharge a cell in one hour. Accordingly, a C/5 rate refers

to the current required to fully charge or discharge a cell in five hours.

3.2.2 Electrochemical Impedance Spectroscopy

EIS measurements were conducted by applying a small perturbing alternating voltage
signal,V(¥, t), with various frequencies to electrochemical cells and recording the current response,
I(r, t). The impedance of a cel(¥), at each frequency;, is calculated as the ratio ¥y ,) t
andl(¥ ,) [175]:

@1 o KO B 10
Q@ sSQOEFIo -

[AN] o®
whereusands@are the peak voltage and peak current, respectivalythe phase shibetween
the current response and the alternating voltaget iarttie time.
For convenience, the impedance is typically expressed in terms of complex numbers. This
transformation can be realized using Eul er 6s
Q  wéEi @ Qo og

wherej?= -1.
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Three basic circuit elements are widely used to model EIS results: resistors, capacitors, and
inductors. These elements have different responses to the input signals. The current response of a

resistor to an alternating voltage inpugigen by:

Q o w] Mo o
Y
whereR s the resistance of the resistor.
The complex impedance expression of the resi&tor, 1 , is given by:
& 1 1 o8
Q h
The current response of pure capacitor to &lemg voltage input is given by:
0 i Q0 Q6 w 'Q"'O'T‘ . o
90 0o ,Qgiwé Ello 03§ wello
where C is the capacitance of the capacitor.
The complex impedance expression of the capacitor, 1 ,Iis given by:
& i PP coEmal 0op g
QO 0V WENIO o3 Q o] Qo
The current response of pure inductor to alternating voltage input is given by:
. @] o sO B 10 B .
ah Py TOIOL, iy ox
0 0 10
wherelL is the inductance.
The complex impedance expressioranfinductoy @ 1 , isgiven by:
o w] wsA T 100 < D'Q Q 0 6
9 wehii®r o Yo o8

In electrical circuits, elemés are connected either in series or in parallel. The total

impedanceZiotal, Of two circuit elements, A and B, in series is:
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wheredd andd® are the impedance of the element A and B, respectively.

The totdimpedance of element A and B in parallel is:
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Figure 3.3(a) A representative Nyquist plot, obtained from the EIS. (b) An illustration of the
connection between the EIS analyzer and electrochemical cell. (c) An equivalent circuit used to
describe (b).

EIS spectra are often represented as Nyquist {l@&176] sometimes called Colgéole
plots, in which the negative imaginary part of the impedance is plotted as a function of the real

part of the impedance, as shownFigure 3.3(a). Eath data point represents the imaginary part
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and the real part of the impedance at one frequency. In Nyquist plots, data points measured at
higher frequencies are typically located towards lower valtiige real axis.

Figure3.3(b) illustrates the connection between the EIS analyzer and an electrochemical
cell. This connection can be described as dguivalent circuit shown ifigure 3.3(c). The
measured impedance of an electrochemical cell described by this equivalent circuit can be
expressed as:
where @ and @ are the impedance of electrode A and electrode B in the cell,
respectively® is the electrolyte impedance, ahglssymis the EIS system impedandes( cable
impedance, the impedance from the EIS analyzer, and the impedance from experimental setup).

Under alternating voltage perturbation, liquid electrolytes are widely recognized as having
the behavior of a pure resistfdr77]. The system impedance is considered as a combination of
resistor(s) andhductor(s). In Nyquist plotsZeissymandw  contribute to the presence of high
frequency tail and the shift of the high frequency intercephatreal axis, as shown Figure
3.3(a). Considering that this research is focused on the electrode impedance, the measured EIS
spectra in this report were shifted along with the real axis so that the high frequency intercept is
locatedat 0 or 0 q & rfhis process excludes the electrolyte impedance and the system
impedancésuch as the impedance fraest leadsfrom the measured impedance. As a result, this
corrected impedancécor, is expressed as:

@ @ @ oP ¢
If the research focusses on the studgof , the impedance from electrode B needs to

be excluded. However, this exclusion is difficult to achieve, sincéthe is typically unknown.
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One alternative approach to obtain is the use of another identical electrode A to replace
electrode B. Under this circumstance, Zag can be expressed as:
@ @ @ &) op O
On the basis of Equatio®12, the use of a conventional symmetric cell for impedance

measurement avoids the interference from the counter electrode.
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Figure3.4 (a) A schematic shows an electrode partittie, SEI layer, and the electrolyte. (b) An
equivalent circuit used to describe (), Rs, C, andRey: represent Warburg impedance, the
resistance at the electrode/electrolyte interface, the capacitance at the electrode/electrolyte

interface, and the et&rolyte resistance, respectively.

To describe an electrochemical system, one simplified consideration is often used, called
Aompearticle model 0. A4, thisenodel melives ane sndle dctive particip,u r e
the SEI layer on the particle surface, and the electrlyfd. The impedance of the active particle
is generally described as Warburgpeadance. Warburg impedance will not be further discussed
here since it is beyond the scope of this thesis. The SEI layer is often described as a resistor and a
capacitor in parallel. The electrolyte is considered as an ionic resistor. Overall, the equivale
circuit of this model is presented kilgure3.4(b). However, concerns halieenraisedregarding

the use of this model for EIS analysis becauss descriptionof electrochemical systems is
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oversimplified [103]. Therefore, more complex moded are necessary to interpreteal

electrochemical systes.

3.3 Scanning Electron Microscope

A SEM produces images of the morphology of samples via focused beams of electrons.
SEM can achieve a high resolution below one nanometer, while the resolution of a light
microscope is limited to only micrometers. Thealation of SEM depends on the spot size of the
electron beam, in which diameters measured in nanometers can be attained.

In SEM, an electron source is required to provide electrons for imaging. A tungsten
filament or fieldemission tip is generally usexs the electron source. An accelerating potential
(typically 30 kV) is applied to the generated electron beam. Several strong magnetic fields are used
as lenses to refine the electron beam.

When the accelerated electrons are incident upon a sample, fpe® ¢§ interactions
between the incident electrons and the atoms of the sample occur: elastic scattering and inelastic
scattering. Elastic scattering is related to the interactions between the incident electrons and the
atomic nucleus. In the elastic seaiihg process, almost no energy is transferred to the atom.
Inelastic scattering refers to the interaction between the incident electrons and the atomic electrons.
In the inelastic scattering process, the incident electrons lose a certain amount ofvemelgig,
transferred to the atom.

Some electrons are emitted from a sample after incident electrons are scattered. The
emitted electrons consist of secondary electrons, backscattered electrons, and Auger electrons. In
addition, Xrays can be produced dhy inelastic scattering processes. The emittedys can be
detected by an energy dispersive spectrometer and used to analyze the elemental composition of

samples.
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Secondary electrons are generated from the inelastic scattering process. Tsaeaduter
electrons of atoms are weakly bound to the nucleus. These electrons can be ejected by the incidence
of the accelerated electrons. One of the most important features of secondary electrons is their
depth penetration which is only less than 2 nm below timpksesurface. The generated secondary
electrons reveal properties of the surface structure. Thus, seceabeetrnpn images are widely
used for the study of the morphology of a specimen.

Some incident electrons are scattered by the interaction withdhecanucleus, which
results from elastic scattering processes. Th
lose only a small amount of the energy during the interaction. Among all emitted electrons,
backscattered electrons can be distinguisbyedheir high kinetic energy. The generation of
backscattered electrons is strongly sensitive to the atomic mass of the nucleus. Heavier elements
can eject backscattered electrons more efficiently than lighter elements. Therefore, backscattered

electron mages can reveal information about the chemical composition of a specimen.

3.4 lon Milling

Crosssectioned specimens were prepared via ion milling (JEGLIB0CP cross section
polisher). The operating principle is showrFigure3.5. Generated Ar ions are accelerated from
the ion source to the specimen. The part of the specimen under the protection of a shield remains
intact while the otherant is etched under tlexposure of the ion beam. As a result, a cross section
of the specimen forms below the edge of the shield.

Each sample for ion milling was processed with a high potential (6.0 kV) for rapid cutting
80 minutes, and then a fine mo@e0 kV) for 5 minutes in order to obtain higjuality cross

sectioned samples, with an Ar flow rate setting of 5.0 (no unit number) while the operating pressure
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was maintained below 0.005 Pa. During ion milling, the ion beam was in a fixed position while

the specimen was shifted to adjust the milling position.

lon
source

lon

acceleration ©)
O

Figure3.5 A schematic showing the operating principle of ion milling.

3.5 X-Ray Diffraction

X-ray diffraction (XRD) is used to examine theystal structure of materials of interest.
Xrays with a wavelength ~ 1 are at the same
crystal. In the laboratory, -xays are commonly generated by a vacuum tube via the interaction
between higkenergyelectrons (~45 kV in this thesis) and a heavy metal taeggt Cu). The Cu
core electrons can be knocked out by ititedent electrons, leaving vacancies for Cu electrons

with higher energy to fill, resulting in an-bay emissiorj178].

51



X-rays interact with the powder sample and get scattered elastically in all directions by the
electrons in the sample. As showrigure3.6, a necessy condition for constructive interference
and a peak in intensity to occur is when thea) scattering anglef and the distance between
two | attice planes of t[bh78 sample (d) satisfy
CQi Q¢ &+ op T

wherea-is the Xray wavelength.

Lattice planes

o—;

. 7

Figure3.6 Schematic diagram of Bragg scattering from latilzmes in a solid.

As the Xray source and the detector rotate simultaneously through the same angle, the
intensity of diffracted Xray is recorded. When the diffracted beam is scattered from an odd
number of haHwavelengths, there is no XRD peak dueth® occurrence of destructive
interference. In this thesis, XRD measurements were carried out using a Rigaku Ultima IV

di ffractomet e-ray sairce, ha gr@phite Kifffactéd beam monochromator and a
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scintillation counter detector. Powder samplesey#aced into a sample well with a dimension of
25 mmx 20 mmx 3 mm on a stainlessteel plate. The sample was pressed down by a glass slide

to ensure a flat surface, which was even with the top of the sample holder.
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CHAPTER 4 Understanding Interfacial ImpedanceGrowth in Porous Electrodes
Containing Blended Active Materials

This chapter waseproducedrom the following peereviewed article:

Z. Yan, C. Wei, and M.N. Obrovac, Understanding Interfacial Impedance Growth in
Porous Electrodes Containing Blended Active Material®ower Sourcegt38 019, 226955.
Figures and text in this chapter are reproduced with permisSapyright 2A.9, Elsevier.

Z. Yan proposed the impedance model and performed the impedance and SEM
experiments. C. Wei prepared craestioned samples and found the difference of impedance
growth in Si alloy and graphite. M.N. Obrovac provided guidance and participatgueinneental

design. Z. Yan and M.N. Obrovac prepared the manuscript for publication.

4.1 Introduction

Lithium ion battery (LIB)active material blended electrodes are comprised of physical
mixtures of two or more lithium insertion compounds. Blended @des can have superior
performance compared to electrodes comprising an individual active conip@iliriebr example,
the use of Salloy/graphite blended electrodes can result in higher cell energy density compared
to cells with graphite electrodes and can also have higher capacity retention than cells with pure
Si-alloy electrodeq[7,50,179] However, the complexity of blended electrodes makes their
properties difficult to understand and predict. Previous studfidlended electrodes are limited,
however such studies include the effects of blended active materials on cell petedtrate
capability[52,180,181]

During cell cycling, solieelectrolyte interphases (SEI) can be formed on electrodes from
electrolyte decomposition reactions. Thefasmed SEI layer can subsequently reduce further

electrolyte decomposition. The importance of this interphase has been widely recognized for
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providing advanced batteries with high service life, safety, and powkerpance[14,22,182]
Electrochemical impedance spectroscopy (EIS) provides-a@stnuctive approach to investigate
interfacial processes in electrochemical cg¢ll83,184] However, most circuit models for
interpreting EIS spectra consider electrodes either as a flat and smooth film or a single intercalation
particle [29,35,108,185,186] These simple models are insufficient to descroenplicated
electrochemical systems, in whiotore than one type of the SEI layer or particle eRstional
but complex circuit models, such as transmission line models, which may involve a large number
(>10 or even >20) circuit components, are needed to fully describe blended electrodes. Recently,
a transmission line model involving 25 circuit components (resistors and capacitors) was
successfully applied to interpret impedance growth in lithium nickel manganese cobalt oxide
(NMC)/graphite cells at high potentidk87].

In this chapter an inhomogeneous transmission line model (ITLM) is developed to
understand the impedance growth in bleneledtrodes. The results are then successfully applied
to describe the impedance growttSiralloy/graphite blended electrodiessymmetric cells. This
experimental approach ensures high accuracy impedance measurements without interference from
counter ekctrodeg44,108] Using these methods, a deeper understanding of impedance growth in

blended electrodes was gained with suggested strategies for reducing elegbextince.

4.2 Experimental

Graphite electrodes, @iloy electrodes, and @iloy/graphite blended electrodes were
made to investigate impedance growth. These electrodes were composed of 88 wt% active
materi al s, 2 wt % carbon black (CB) (OSm%%p e r C6
LiIPAA (from a 10 wt % aqueous solution of lithium polyacrylate (LiPAA) made by neutralizing

a polyacrylic acid solution (average molecular weight ~250,000 g/mol, 35 wt%Q0n $igma
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Aldrich) with LiOH-H20 (@ 98.0%, SigmaAldrich) in distilled water)Distilled water(2-3 gper

gram of electrodenaterial mixtur@ was added to this mixture to adjust viscosity. Thal®y and
graphite powders used wer20772 V6 alloy from 3M Company @o= 2.5um) and SFG6L (3
pm average sizémerys Graphite and Caoh), respectivelySlurry mixing was conducted for one
hour using a planetary ball mill (Retsch PM200) with threenb3 tungsten carbide balls at 100
rpm, unless specified otherwise. Electrodes were cast from distilled water slurries onto copper foil
with a0.10mm coating bar, then air dried at I’ZDfor one hour.

Coin cell construction was conducted in anffled glovebox using standard 2325 coin
cell hardware. 1M LiP§in ethylene carbonate (EC):diethyl carbonate (DEC):fluoroethylene
carbonate (FEC) (3:6:1 v/vlv, all battery grade from BASF) was used as elecifalgtiayers of
Celgard2300 separator and one layer of polyethylene blown microfiber separator (BMF) (3M
Company) were used as cell separators. This #aylér separator construction provides more
uniform stack pressure when hacohted electrodes are used, resulting in more even current
distribution and improved cell consistency and cycling performancetré&diecdisks were made
using a 1.35 céarea circular punch. Electrodes were-pharge/predischarged in haléells, then
transferred into symmetric cells, and then cycled in symmetric cells before measuring their
impedance. In haiéells, each electrodeas paired with a 2.57 cicircular lithium metal
(thickness of 0.38 mm, 99.9%, SigrA&drich) electrode. The procedure for the jolearge/pre
discharge process, unless specified otherwise, is as follows: one electrode (delithiated electrode)
in a haltcell was discharged to 5 mV and then charged to 0.9 V at C/20 rate while the other one
(lithiated electrode) was cycled between 5 mV and 0.9 V at C/20 rate once, then discharged to 5

mV at C/5 rate, and then held at 5 mV until the current was less than @/2éllwere evaluated
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with a Maccor Series 4000 Automated Test System at:30.0°C. Symmetric cells were cycled
at C/5, and held at each potential endpoint until the current was less than C/20.

EIS spectra were measured using a-Bigic VMP3 potenibstat/EIS spectrometer. EIS
measurements were performed af@Pwith a 10 mV amplitude excitation and a frequency range
from 100 kHz to 10 mHz. Before EIS measurements, symmetric cells were discharged to 0 V at
C/5 rate, then held at 0 V until the curt@lropped below C/200. After construction, symmetric
cells were discharged to 0 V and then impedance spectra were measured, as the first cycle
impedance. The experimental setup did not allow an accurate measurement of the high frequency
intercept of the ES spectra due to uncertain cable and connection resistance. For this reason, all
impedance spectra were shifted along the real axis (x axis), so that the beginning of the first
semicircle in the spectrum is ag0  &. ifhis approacthas been commonly uséat impedance
analysig33,188] Error bars were calculated as the range of two samples. Electrode microstructure
was examined by first cross sectioning electrodes in a cross section polisher (JE€H3® and
then imaging with ascanning electron microscope (SEM) (TESCAN MIRA3), with an

accelerating potential of 20 kV.

4.3 Theoretical Model

Figure4.1(a) shows a crossectional SEM image of a-8lloy/graphite blended electrode.
In the blended electrode,-8iloy and graphite particles are well dispersed, busierable void
space is left among the particles. A large porosity is typically observed in uncalendared electrodes
[51]. The void space will be filled with electrolyte after cell making. During cycling, electrolyte
and cabon black provideonic and electronic conduction paths, respectiy&87]. Here, a fult

scale description of a porous electrode with blended active materials is developed orstbe basi
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transmission line model theory, where the transmission line modelé&fenencdg187] is adapted

with some modifications for blended electrodes.

Figure 4.1 (a) Crosssectional SEM image o$i-alloy/graphite(31.8 wt.% graphite content)
blended electrode3he irregularly shaped particles aieaBoy. Flakelike particles are graphite.

(b) An illustration of a porous electrode containing a blend of active materials (black and grey
particles) in electrolyte. The active materials are electronically connected through carbon black
(black lines) wHe the void space among solid materials is filled with electrolyte foridri
diffusion. The lithium ion diffusion path and electronic path are represented with red and blue
arrows, respectively.
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In this model, it is assumed that active materials can be represented as parallel transmission
lines aligned perpendicular to the electrode, as showigure4.1 (b). For electrodes comprised
of binary or multinary active material blends, particle arrangement becomes complex. Considering
that a single transmission line is insufficient to give a proper description of the particle arrangement,
a large trasmission line array is needed for modelling.

An equivalent electric circuit for a blended electrode represented as an array of transmission
lines is shown ifrigure4.2 (a). This circuit consists of parallel inhomogeneous transmission lines
(ITLs). Each ITL can contain circuit components representing the interfacial impedance of two
different active particles. The impedance from mass transfer in bulk acaterials is not included
because mass transfer typically occurs in theflequency region of EIS spectra. To obtain the
ITLM impedance expression, the problem is divided into two gtégare4.2(b-c)): 1) calculating
the impedance expression of a single ITL with a limited number of linked particles and 2)
estimating the overall ITLM impedance after considering particle distribution apavatiel ITLs.

Here, a simplified ITL with four linked particles is used. A higher number of linked particles
than four increases the complexity of impedance expression for ITLM dramabiealiyseeach
particle in thdTLM is labelled as ainique oneThese four particles are labelled as #1, #2, #3, or

#4. A Y-getransform was applied to simplify this electrical network.
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Figure 4.2 (a) An equivalent circuit for porous electrodes containing bleradtide materials
consisting of a mixture of type A and type B active partideRon and Re represent the ionic
resistance in electrolyte and the electronic resistance in CB, respediealydZg represent the
interfacial impedance of two differenttave materials. The circuits f@x andZg are presented on
the right.Re(n), Rs(n), andCn) represent the contact resistances between CB antl #utive particle,

the r"/electrolyte interfacial resistance, and the capacitance of the daybtethat is created at
the d/electrolyte interface, respectively. (b) A simplified transmission line model circuit with four
particle links (n = 14, each particle being either of type A or B3) An illustration of the
calculation ofZirm(¥) after @nsidering the electrodes comprised of parallel ITLs on a current
collector.

After this simplification, an impedance expression for the ITL wlatsined, termed the

ITL impedance, Z.(¥):
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Y — (4.1)
where® — Y (n=1, 2, 3, or 4); and¥ are the imaginary unit and the input

signal frequency, respectively.

Someassumptions were made to obtain the overall ITLM impedarecehe number of
ITLs in the model and the patrticle distribution among the ITLs. Aigarsize of ~3um, an
electrode area of 1.35 énand an electrode porosity of 56P8%, would require a set ok®0°
ITLs. Unless specified, the different particles in an electrade consideredo be randomly
arranged in these ITLs. On the basis osthassumptions, the total electrode impedance can be

obtained through the following equation:

O pjw ] 8

where Zr g (¥) represents the impedance of tHéTL line andN is the total number of ITLs in
the ITLM, which is %10° here.After the valueof parameters are inserted in this equation, the
impedance was solved using a computer algorithm written in MAT[18B)].
4.4 Results and Discussion

EIS spectra can provide abundant impedance information related to various
electrochemical processes occurring at electrodes, including the resistagiectronic transport
in conductive additives, the resistance of ionic transport in electrode pores and bulk electrolytes,
the impedance of charge transfer and transport through electrode/electrolyte interfaces, and the
impedance of ion diffusion incive material§103,187] As shown irFigure4.3(a), a typical EIS

spectrum (Nyquist plot) of the lithiated anode electrodes made here is composed of semicircular
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components in the middieequency region and a spike in the {nequency remn. Typically,

no information about the high frequency intercept of the spectrum is provided, as is the case here,
as explained in the experimental section. Among the electrochemical processes mentioned above,
the process of charge transfer and trangpoough the electrode/electrolyte interface is generally
considered as the major contribution to the presence of the semicircle(s) in EIS spectra

[29,44,186,19Q]
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Figure4.3 (a) A typical EIS spectrum of lithiated anode electrodes in the symmetric cells made
here (a graphite electrode is used here as an example). (b) EIS spectra generated from ITLM
simulation results. Th&mm(¥) changes wherRon, Re, Re, Or Rs increase by 32 times. The
parameter values for the baseline are presentédhile4.1. The inset in (b) shows an exjkea

view of (b).

Table4.1 The baseline value for inhomogeneous transmission line.

Parameters Re Rion Rs(n) Re(n) Cm)

Value 26Mq 25 Mq 50 Mq 50Mq 1F

Figure4.3(b) shows ITLM simulation results using the baseline parameter values listed in Table
1. EIS spectra are also shown resulting from changing different parametteessimulation, as

indicated.The simulation results also show that an increase in the particle/electrolyte interfacial
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resistanceRs, results in a significantly larger contribution to the semicircle growth in EIS spectra
compared to the other circuit elemenits, the ionic path resistance through electrolRex], the
electronic path resistance through carbon black or other cavelackditives Rc), and the contact
resistance between carbon black and active partiRiesThis strong correlation of the semicircle
diameter andRs is also observed in ITLM Monte Carlo simulations of binary active particle
systemsKigure C1). The electrode impedancay, is equal to the half of impedance in symmetric
cells, Zsym[44,108,184] Thus, the measured total electrode/electrolyte interfacial resis@ace,
can be obtained from measured semicircle resistance(s) from symmetriRgglldased on the
following equation:

Y Y ¥c 18]
Here, the diameter of calculated semicircle(s) for ITL and for ITLM represent the calculated ITL
interfacial esistance,Rt., and the estimated overall ITLM interfacial resistan&egnw,
respectively.

As discussed abovB;ei can be extracted from EIS spectra. HoweReryaries even when
electrode composition is constalRigure4.4(a) shows measured impedance of graphite electrodes
with various mass loadingsxrea. Even though all of these electrodes have the same electrode
composition and porosity (these coatings were obtained from the same slurrfBethaiues are
significantly different. The electrodes with 0.50 mgcmass loading have Rei of 700 & m
which is almost twice as large as #lectrodes with a mass loading of 0.95 mg?ciFor these
electrodes with the same composition, the correlation between meRgua®d Marea, follows:

Y 9qa T8
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Figure4.4 (a) Nyquist plots of graphite electrodes with various loading masses, measured at the
1%t cycle in symmetric cells. (b) Plots Bfi versusmareai®. A linear fit was used to show the
trend betweeRei andMareai .

This is dependence is shownRigure4.4(b). Electrodes with a larger mass loading have
a higher surface area, which results in a lower interfacial impedance. A similar trend has been
observed previouslj103]. This trend can also be explained by the transmission line miodel
which the increased amount of transmission line in paxaieflecrease the electrode impedance
Therefore, to compare the impedance growth in different electrodes properly, impedances must
first be normalized by the first cycle impedance. In this way, any the variationsrfea are
excluded.

Figure 4.5(a-c) show EIS spectra of graphite,-8loy, and Sialloy/graphite (31.8 wt.%
graphite content) blended electrodes measured at different cycles. The interfacial impedance
among these three eteodes are different, owing to differences in mass loading (as discussed
above), packing density and surface area. Therefore, relative changes in interfacial resistance were
used to understand the impedance growth among electrodes of different compudRiteorelative

interfacial resistances froffigure4.5(a-c), are summarized iRigure4.5(d).
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Figure4.5 Nyquist plots for (a) graphite, (b)-&lloy, and (c) Salloy/graphitg(31.8 wt.% graphite
content)blended electrodes measured at different cy@les.inset in (c) shows an expanded view.
(d) The relative interfacial resistance vs. cycle number of these three elecifodeselative
interfacial resistances were calculated on the basi®efvalues & different cycles after
normalizing by the first cycl&ei.

Differences in the resistance growth of these three electrodes are observed, starting at the
10" cycle. The impedancehangesiuringthe initial cycles among all electrodes nimrelated to
the changes in SEI compositiofi88]. Graphite electrodes have an increased relative interfacial
resistance, mainly caused by continuous SEI grgddfh The interfacial impedance of the-Si
alloy reduces quickly during the first fewdaes, as has been observed previously fdveSied

electrodeq191] and then becomes constaAtpossible explanation for the constant interfacial
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impedance of Salloy and Sialloy containing electrodes is redat to the use of FEC as an
electrolyte additive, which has been found to reduce SEI growth drasfi@?ly It has also been
observed that the high volume expansion ealfiy particles during cycling (shown Higure
C.5), severely disrupts the SEI layer on theioy, exposing fresh alloy surfaces to the electrolyte
and resulting in the formation of a new lampedance SEI layer on the-8loy and constant
interfacial impedance during cyclinfl93]. A more plaisible explanation of the reduced
impedance of the &illoy containing electrodes is that it is due to the continual increase in surface
area of the Salloy during cycling, due to particle fractufg2]. This would tend to increase the
interfacial aredbetween Salloy and electrolyte during cycling, reducing interfacial impedance.
The relative impedance growth of thedloy/graphite electrodes is similar to that of theaky
electrodes after 10 cycles.

In order to explain why the relative impedargrowth of the Salloy/graphite electrode is
similar to that of a pure Silloy electrode, a more comprehensive study of the impedance growth
in blended electrodes is presentedrigure 4.6. Figure 4.6(a) shows the interfacial resistance
relative to the first cycle of Silloy/graphite blended electrodes with different graphite contents.
There is a nonlinear increase in the relative resistarith increasing graphite content. The related
Nyquist plots are shown iRigure C6. Impedance growth is suppressed when the alloy content is
about 40wt. % or higher.

To model this behavior using ITLM, the electrode is assumed to be comprigadicks
A whoseinterfacial impedance remains constant during cyclirey $i-alloy) and particles B
whose impedance increases during cycling. graphie). Figure 4.6(b) shows the interfacial
resistance growth in ITLs with blended particles, compared to the impedance change in a four

particleB ITL, BBBB line, whereRsa= 800 Mq andRsgis increased from 50 tyl to 1000 My.
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Both ahigher proportion and a higher interfadiesistance of particle B result in a higReri.. For

each patrticle ratio, the particle arrangement in an ITL has a little effect &rthelowever, the
growth of RrL in blended ITLs are significantly smaller than the BBBB line. The reason for this
impedance suppression is related to low impedance interface paths for lithium ion diffusion
provided by particle A. Details of impedance spectra of ITLs with different particle arrangements
can be found ifrigure C2-C.4.

Figure4.6(c) shows simulated distributions of A and B patrticles in ITLs electrodes with
different A:B ratios, where A and B are randomly dispersed throughout the electrode ITLs.
Generally, electrodeswih a hi gh particle B cont eBrti chlaor e
ITLs. The results also show that electrodes with a low particle B content still contain some BBBB
lines. The simulation scale and complexity described by the ITLM is much largentdsacircuit
models, in which electrodes can be only considered as either a flat and smooth film or a single
intercalation particl¢185].

Overall interfacielectrode resistancegrm(¥), were calculated on the basisZfi(¥)
and ITL distributions. Figure 4.6(d) shows normalized ITLM interfacial impedaa growth in
blended electrodes. The interfacial impedance of electrodes only containing particle A and particle
B were considered as the lower reference limit and the upper reference limit, respectively. The
result shows that an increased amount of titgawith high interfacial impedance can increase
the overall electrode interfacial impedance. However, this impedance growth is not linear. With a
small amount of low interfacial impedance particles, the overall interfacial impedance is
significantly sypressed. This trend becomes more evident when the impedance difference
between the two particles increases. These theoretical results explain the trend in the experimental

data shown ifrigure4.6(a).
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Figure4.6 (a) A summary of the relative interfacial resistance growth of graphia|dyi and
graphite/Sialloy blended electrodes withifferent graphite contents at'®6ycle. (b) Plots oRL

versusRss with different ratios of the two particle types. Particle A has a constant interfacial
impedance and particle B has a larger interfacial impedance. The value for all parameters, except
Rsg, is presented ifiable4.1. The solid bands for each particle ratio reveal the ranBeinalues

caused by the different particle arrangemeQtgestionmarks can be either A or & thepatrticle

interfacial impedancgencludingtwo resistors and a capacitor as shown on the right of Figure.4.2(a)

(c) The distribution of ITLs in simulated eteades with different particle B content, which varies

from 10% to 90%. (d) Normalized ITLM interfacial impedance growth with increasing particle B
content.k represents the ratio &g/ Rsa, and ranges from 2 to 50. The value of all parameters,
exceptRsaandRsg, is presented iable4.1. The value oRsawas setas 800y t o gi ve a ba
of Rrm= 40 q, which is close to the measured dat

The effect of particle dispersion on interfacial impedance growth was also investigated.

Figure C7 showsa crosssectional SEM image of a-&lloy/graphite electrode intentionally made
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with a poor dispersion. The SEM image indicates the presencetdand graphite aggregated
regions in the electrode. As shownHigure C8 andFigure C9, blended electrodes with a poor
particle dispersion havesamilar interfacial impedance to those with a good dispersion, both from
experiment and theoretical calculation. For these electrodes, the low interfacial impedance
particles still provide a feasible ionic pathway to suppress interfacial impedance grogrigfore,

particle dispersion does not have a major effect on interfacial impedance growth in blended
electrodes. This implies that a feasible approach to suppress high impedance growth in electrodes

is to include low impedance particles in the electrodeulation.

4.5 Conclusions

In this chapter, the interfacial impedance growth in electrodes comprising a blend of different
active materials is comprehensively studied both in experiment and theory. Experimental data
shows that the measurederfacial impedance is strongly related to the electrode mass loading.
After excluding this variation, the effect of one of the active materials having high impedance was
considered. It was found that blended electrodes show a nonlinear interfaciahmogegowth
with increasing amounts of high interfacial impedance particles. An inhomogeneous transmission
line model (ITLM) was developed to understand the impedance growth in this complicated
electrochemical system. The ITLM includes a large number aéllph inhomogeneous
transmission lines (ITLs), which are able to simulate systems with multiple active materials.
Theoretical calculations also show that a small proportion of low interfacial impedance patrticles
can suppress the electrode interfacial idgree in blended electrodes, which agrees with the
experimental result. This study provides a feasible approach to suppress the high impedance
growth in electrodes, simply by adding to the electrode formulation a small amount of active

material that have law interfacial impedance.
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CHAPTER 5 Understanding Degradation Patterns in Li Cells with SiAlloy Negative
Electrodes

Figure5.1 and 5.8(din this chaptewerereproducedidaptedrom the followingmeeting
abstract

Zilai Yan, Yijia Liu, Timothy Hatchard, Ben S¢p Yidan Cao, Simeng Cadlark N.
Obrovac, Understanding Anode Capacity Fade in Symmetric C&88S Meeting Abstracts
MA2020-02 826 The figures are reproducfatlaptedwith permission. Copyrigh202Q IOP
Publishing

Z. Yan proposed the model and penfi@d the experiments. Yijia LilBenjamin Scott,
Yidan Cao, and Simeng Cao provided guidance for the synthesis of Si alloys and discussions about
Si alloy electrochemical performanc¥ijia Liu performedthe density measurement.D.
Hatchardprovided discussion about Si alloy degradation behaviors in symmetric MeNs.

Obrovac provided guidance for data interpretation. Z. Yan and M.N. Obrovac prepared manuscript.

5.1 Introduction

With the evetincreasing demand for higher energy density lamger cost rechargeable
Li-ion batteries, thousands of novel electrode materials have been synthesized and examined
[1,5,59,194] Most are evaluated electrochemically in half cells, where Li metal is used as the
reference/counter electrofl95i 198]. Such cell format can provide basic tegtof materials of
interest, such as the potential profile, specific capacity, and cycling capacity re{88iioviet
half cells often fail to predict how electrode materials perform in actu@n_cells, partially due
to the presence of the Li metal, which provides an essentially infinite supply of Li during cel
cycling. The excess Ldan mask problems with side reactions at the working electrode, such as

solid electrolyte interphase (SEI) growWt0,41]
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Symmetric cells are a cell format with two identical electrodesally at different states
of charge. The use of identicallectrodes allows the investigation of electrochemical behavior,
including electrode impedance and parasitic reactivity, without the interference from utilizing a
counter electrod§26,44] For cycling studiesprior to symmetric cell assembly, one electrode
needs to be in a lithiated state, while the other is in a delithiated28atd his arrangement also
limits the amount of active Li in cellSide reactions at electrodes that consume active Li can be
measured quantitatively using symmetric cell cycling capacity fadeTatais one of only a few
methods to measure parasitic reactivity precisely only using traditional battery chargers, such as
the Maccor 4000 used hef26,27,199] The benefits obsymmetric cells for precise parasitic
reactivity measurements have been well discussed in Refe[@6¢28|

Symmetric cells were initially developed to investigate electrode materials that have no
fade during cycling in hal€ells, such as graphite,4IisO12, and inactive materia[26,28] Under
this circumstance, any capacity fade in a symmetric cellrecityy related to parasitic surface
reactions at the electrodes. However, many promising electrode materials, such as Si alloys, have
multiple degradation mechanisms, in addition to parasitic surface reactions, including electrode
mechanical failure (inclding the mechanical failure of the coating and due to alloy particle
fracture) [50,170] The capacity fade of these materials in symmetric cells is related to some
combination of mechanical electrode fade and parasitic reactions. The contribution from parasitic
reactions is difficult to obtain in these instances, since deconvolution of thetwributions to
fade is impossible. Moreover, the lower and upper cutoff potentials of working electrodes are
poorly controlled in symmetric cells. In haléll experiments, cell potentials are measured vs. a
reference/counter electrode to determine tisehdrge/charge endpoint. In symmetric cells, the

cell potential corresponds to the potential difference between two working elect8ides.
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reactions occurring at working electrodes changethe Li inventory in symmetric cells, which
may perturb the ettrode endpoint potentials during cycling. This could cause cycling capacity
fluctuations when the electrode capacity is dependent on the cutoff poi2odil

Herein, the capacity fade of Si all@jectrodes and &illoy/graphite blended electrodes
undergoing multiple degradation mechanisms has been investigated in symmetric -@etishalf
Si-alloys are anode materials that can increase the energy densiipofdalls by up to 20%. Si
alloys, however, suffer not only severe SEI growth and repair but also mechanical failure, mainly
due to large volume changes during cycliBgl6,201203]. In addition, Sialloys have been
generally cycled with limited upper cutoff potential of ~0.9 V in half cells, to approach a test
condition relevant to commercial ce]&0]. Many Si alloys are not fully delithiated at this cutoff
potential, potentially resulting in an extra capacity reserve in symmetric cells above the intended
electrode cutoffpotential [50,204] A Li accounting model was developed to describe the
relationship between symmetric cell capacity fade and multiple degradation mech&issis.
threeelectrodadoublehalf cells (QDHCs) andalible half cells (PICs, details in Ref27]) were
used experimentally to understand the related anode degradation behavior and to measure the

symmetric cell capacity fade, respectively.

5.2Experimental

SigoW20 and SisWis alloy were prepared as described in Referg@08]. A total of 0.5
mL (based on true density) of silicon powder (Sightdrich, -325 mesh, 99%) and a
stoichiometric amount of tungsten powder (L2, 99.9%, Aldrich) were sealed in a 65 mL
stanless steel milling vial under an argon atmosphere with 180 g of 1.6 mm 440C stainless steel
balls. The precursors were milled for 8 hours in a SPEX 8000 mill under the optimal conditions as

described in Refereng¢206]. After milling, the powder was recovered from the vial by milling in
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ethanol (99.89%, containing 0.10%® Commercial Alcohols) and then dried in a solvent oven
at 120°C in air. The resulting powder is a homogeneoyg\Bb alloy consisting bamorphous Si
and nanocrystalline 8 and W. The XRD pattern and SEM images with EDS compositional
mappings of $tW-o are shown irFigure D1. Thetrue density of the W20 and SisWis alloy

was determined to be 5.8717 gfcand 7.2820 g/ciby helium pycnometry (Micromeritics
AccuPyc Il 1340 gas pycnhometer), respectively.

Graphite electrodes, &W-2o electrodes, and &W-d/graphite (SioW20/G) blended
electrodes were made to understand symmetric cell capacity fade. These electrodes were composed
of active material s, carbon black (CB) (Super
polyacrylate (LiIiPAA) (from a 10 wt % LIPAA agueous solutiamade by neutralizing a
polyacrylic acid solution (average molecular weight ~250,000 g/mol, 35 wt%@) Sigma

Aldrich) with LiOH-H20 (@ 98.0%, SigmaAldrich) in distilled water) in a volumetric ratio of

70/5/25.Distilled water was added to this mixtugeddjust viscosity. Unless otherwise specified,
MAG-E2O em average size, Hitachi) was wused as :;
of graphite (3um average size, Imerys Graphite and Carbon) was usé@ds8d materials and

graphite electrodeoatings were formulated on a volumetric basis. For examp®V/%iG 20/50

electrodes have &W>o and graphite with a volume ratio of 20/50, based on true densities. SiO
(Sigma Al drich, T 3¥15wenm also blended Yvith )graphite,dfollo®ing the

same procedure above. Slurry mixing was conducted for one hour using a planetary ball mill
(Retsch PM200) with three 13 mm tungsten carbide balls at 100 rpm. Electrodes were cast from
distilled water slurriesnto copper foil with a 0.00#hch coating bar, then air dried at 120 for

1 hour, cut into 1.3 cm disks, then heated under vacuum for 1 hour &€ Hi@@l assembled into

cells with no further air exposure.
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Coin cell construction was conducted in anfled glovebox using standard 2325 coin
cell hardware. 1M LiP&in ethylene carbonate (EC):.diethyl carbonate (DEC):fluoroethylene
carbonate (FEC) (3:6:1 v/vlv, all battery grade from BASF) was used as elecifalgtiayers of
Celgard2300 separator anohe layer of polyethylene blown microfiber separator (BMF) (3M
Company) were used as cell separators. This #aylér separator construction provides more
uniform stack pressure when hacohted electrodes are used, resulting in more even current
distribution and improved cell consistency and cycling perform@R¢EElectrode disks were cut
using a 1.35 ciarea circular punch. In hatells, each electrodeas paired with a 2.57 cf
circular lithium metal (titkness of 0.38 mm, 99.9%, Sigmddrich) electrode. For higher
accuracy, the active material mass in each electrode was evaluated from its first charge
(delithiation) capacity and the average specific capacity (obtained from at least four samples)
[27,207]

DHC [27] or QDHC cells include two half cells with the nominally identical electrodes, in
the configurations shlvn in Figure D2(a,b. QDHCs are identical to DHCs, excepting that an
extra potential probe lead is connected to a-Hmgbedance potential terminal of a battery charger,
to monitor the potential difference between the Li metal electrode terminals and one of the
electrodes. fie Li metal electrode terminals are used as a reference electrode (RE) in& quasi
electrode cell configuration. In this workhe potential of the prdelithiated electrode was
measured versus the Li metal electrodasavoid lithium plating, the masg the prelithiated
electrode was always chosen to be slightly less than that of toelgreated electrode.

To prepare a DHC or QDHC, one half cell was discharged to 5 mV and then charged to
the target cutoff potential at C/20 rate. The other cell fwsisdischarged and charged the same

way, then discharged to 5 mV at C/5 rate, and then trickle discharged until the current fell below
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C/20 rate. Unless otherwise specified, the cutoff potential was 0.9 V. DHCs and QDHCs were
cycled at C/5 rate and themckled to C/20 between the positive/negative of the cutoff potential.
DHCs for SEI growth measurements were cycled under a cwoergcted cycling protocol, in
which the cycling rate was well controlled to the designed rate regardless the capacithiade
constant @ate protocol is achieved througbrrecting the current of each cycle on the basis of
the capacity from the previous cy¢tdharge capacityexcept the initial cycle which is determined
from the theoretical capacits a result, th®HCs were cycled at a true C/5 ratfore the trickle
processeven though the DHCs only had abB0% remaining capacity after 50 cycl€=lls were
evaluated using a Maccor Series 4000 Automated Test System and thermostatically controlled at
30.0% 0.1 °C. Cycling under other temperatures will be specified. The specific capacity of both
DHCs and QDHCs was calculated with respect to the active material mass in-titleigiesl
electrode. Error bars were calculated as the range of four samples, unldgsdspeci

X-ray diffraction (XRD) measurements were carried out using a Rigaku Ultima IV
diffractometer with Cu K X-ray source, a graphite diffracted beam monochromator and a
scintillation counter detector. XRD patterns were collected af ®&rvals witha dwell time of
3s.

Images of sample morphology and elemental distribution maps of samples were obtained
using a field emission scanning electron microscope (FESEM) (TESCAN MIRA3) with an
accelerating voltage of 20 dhgacBoasegidngolisheros s s
(JEOL 1B-19530).
5.3A Li Inventory Model

A Li inventory model, inspired by Referen¢&50], was developed to interpret anode

capacity fade in symmetric cells. past studies, the term symmetric celicoonly refers to single
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cells with identical electrodes, however, in this work the DHC and QDHC formats are included in
this category. To distinguish the symmetric cell types, traditional symmetric cells will be referred
to as TSCs, double half cells as O8] and quasi double half cells as QDHCs. The term symmetric
cell or SC will be used to refer generally to all three of these symmetric cell Tyy@eki inventory

model attempts to establish a mathematical relationship between multiple anode degradation
processes and measured experimental data, such as cycling charge/dischargeTcafdasityibe

the cycling process, here the symmetric cell electrodes having the initial states of lithiation and
delithiation are called electrode A and B, respectivelyni@gtric cell discharge is considered as

the process where electrode A undergoes delithiation, while symmetric cell charge is considered
as the reversegrocess.Figure 5.1(a) illustrates the notation, showing the initial discharge
potential profiles of a symmetric cell and each of its individual electrodes A and B. In this study,
three categories of mechanisms that can change the Li inventory at butbdeleare included:

1. Electrode mechanical failure irreversibly trapping active Li within the electrode.

2. Liloss due to electrochemical or chemical decomposition of electrolyte.

3. Reversible capacity fluctuation associated with electrode upper endpoinigiateange.
Furthermore, it is assumed that most of the Li loss associated with Category 2 can be attributed to
SEI growth and repair on active negative electrode material suffes

Electrodes are typically cycled in symmetric cells up to upper cutoff potentials that both
reflect their potential range when used in practical applications (e.g.~0.9/V for negative
electrodes) and at which the active materials are fully delithidtediever, Sibased negative
electrode materials can have significant capacity above 0&s\shown inFigure 5.1(b). In
addition, if symmetric cell capacity continuously fades during cycling, this results in a decreased

active Li inventory. As a result, the electrodes can only be patrtially lithiated at the endpoint of the
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symmetric discharge/charge process, leatlingn increased electrode endpoint potential at the

end of lithiation:i.e. the delithiation of the paired electrode will have an endpoint above the

intended upper cutoff potential, which may

(here temed "excess capacity”).
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Figure5.1 (a) An example of potential curves of a symmetric cell during discharge and individual

contributions from electrode A and electrode

B. (b) An example of potential cfraeStbased

anode material and graphite in half cell. As shown, unlike graphitegs®id anode materials often
have considerable capacity above typical uppeoffydotentials. Illustrations of the main reaction,
side reactions, and the reaction focess capacity at (c) electrode A and (d) electrode B that occur
during thei"symmetric cell discharge. The capacities for each reaction during a single symmetric

cell discharge/charge process are labelled in bracketsld, Eld, and Elyt stand for lithated
electrode, delithiated electrode, and electrolyte, respectively.
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To keep track of symmetric cell capacity according to the above assumptions, each capacity
component is defined as follows. Prior to symmetric cell cycling, electrode A and B have
undegone conditioning cycles to put them in their initial state of charge for symmetric cell cycling
and to remove initial irreversible capacity. For electrode A this consists of one lithiation and, for
electrode B, one lithiation and one delithiatiobherefore, prior to symmetric cell cycling,
electrode As assumed to be fully lithiated with reversible capa@iynd electrode B is assumed
to be delithiated to the intended upper cutoff poterfiale reaction capacity occurring at electrode
A andB during the formation cycling are initialized with valuegg@fandgg, respectively.

The lithium inventory in electrodes A and B may then be quantified during cycling as
shown inFigure5.1(c) and (d), respectively. When a symmetric cell is discharged, most of the
active Li is transferred from electrode A to electrode B. The capacity delivered through the
reversible Li delithiation process in electrofl@nd reversible Li lithiation process in electrode B
are asb p and0 p , respectively.Simultaneously, three possible types of degradation
mechanisms are considered to occur at both electrodes during each symmetric cell
discharge/chargelextrode mechanical failure, SEI growth and repair via chemical reactions, and
SEI growth and repair via electrochemical reactions, which are givgn ap , p , and
N p & respectively. Even at low potentials, parasitic oxidation tiw@ may occur, as
observed recently in graphite electrodes during the delithiation pr¢@@ssSuch behavior,
however, is not included in this paper, siitcbasnot investigated in Sbased materials and its
contribution is likely small. If any, the capacity of other side reactions, particularly during the
delithiation process, will be underestimated to some extent. In addition, excess capacity due to the
upper @dpoint potential change (triggered by side reactions and considered occurring only at

electrode delithiation process) is givermas p 8
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Figure5.1(c) and (d) illustratehe various capacity contributing mechanisms that occur
during symmetric cell discharge on electrodes A and B, respectively. During the first symmetric
cell discharge, all reversible capacity in electrode A is released, thus at thiedescharge there
is no active reversible capacity left in electrode A @nd p is equal ta) . Side reactions at
electrode A can consunaetive Li, i.e.from electrode mechanical failure or SEI growth and repair,
but this capacity can be partialfeimbursed by the excess capacity. The amount of capacity
delivered from electrode A to electrodeiR, the measured cycling capacity, can be calculated by
subtracting the total capacity due to degradation mechanisms and excess capacitie§or
inventory-change capacity), fromm p . Similarly, 0 p is equal to the inventorghange

capacity at electrode B, p , subtracted from the cycling capacity.

Table5.1 Li inventory of a hypothetical symmetric cell for its first cycle.

Initial

state First discharge First charge
Reversible capacity in  » O n p A P N P
) 0 ,
electrode A n p
Side reactiorcapacity , , , , , .
at electrode A d nnp n-nh e npe
Reversible capacity in 0 1 p
0 . 0
electrode B n p
Side reaction capacity , , , , .
at electrode B d n-nwp n-nep NP
Cycling capacity 0 0 R p O 4 p A p H p

*

n p N P N PN PN p and
np N PN P N p (M=AorB)
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Based on this Li inventory tracking process, the relations between the invehtorye
capacity and cycling capacity, which are measurable, can be established. The first cycle Li
inventory of the hypothetical symmetric cell showrrigure5.1is summarized ifable5.1. The
symmetric cell Li inventory ithe following cycles can be further obtained, as showrahle5.2.

On the basis of this Li inventory analysis, the capacity from degradation m&oisaand the
excess capacity, leading to the symmetric cell capacity chaegbd inventorychange capacity),

can be measured throughout the cycling test.

Table5.2 Li inventory of a hypothetical symmetric cell for its pdisst cycle:

i dischargei(0 2 ) it"charge (O 2)

CA

V9]
S-
=

m

Reversible capacity ir
electrode A n & n ¢

Side reaction capacit n B n € n ¢ , . L
at electrode A n Q n B n ¢ n ¢

Reversible capacityir 0 B 4 & n ¢
electrode B n €¢ n ¢ n Q1 1Q

Side reactioncapacit n B 1 &€ n ¢
at electrode B A

n Q
. . 0 e Q¢ 6 B n & n¢
Cycling capacity ReE R & A W n Q@B ne& n ¢
e e QA @ f "Qand
A" h QR QR Q(M=AorB)

Although it is convenient to obtain the inventaryange capacity occurring at each
electrode from the capacity difference between charge and adjacent discharge, standard chargers
fail to provide the required high accuracy for this measurement, due tiv@asid negative
current imbalancg8]. To avoid this issue, cell capacity fade, whieaim be reasured accurately

80



even by standard chargers, is utilized. Hdiggcharge capacity fade peycle, YO "Q, and charge
capacity fade per cycl&d "Q are used, which are the fade betweeriftlogcle and the previous
cycle. The differential of electrodavientorychange capacity during cycling® ) i2:
R 2 Qp A Qp 1/ Q ¥6Q YOQop i)
R Qp /A Qp N Q7 Q YOQ Y56Q L&
To aqquire the electrodeventorychangerate at each cycle, it is assedthat electrode
A and electrode B have the same speaiv@ntory-changeate at the steady state. Thus,

1 Q 1 Q «a a s o L a . A
n’ - p, n" — AOEROAAAAOA L&
n Q n 1Q a

whered anda are the electrode material mass of electrode A and B, respectiveanda
can be measured experimentaltyaddition,

n ¢ np np 1 p YOg vg
whereYO ¢ can be measured experimentaln the basis of equations (314), theinventory
changecapacities of electrodes A and B in symmetric cells can be calculated.

To demonstrate the usefulness of thénvientory modelFigure5.2(a) shows the capacity
fade of SéoW2o electrodes cycled in a DHC. Here, the capacity fade measurement was conducted
in the DHC cell format. The pros and cons of different symmetric cell formats will be didcusse
later. The capacity fade Figure5.2(a) shows that there is a loss ofibventory in the cell. The
capacity fade of a symmetric cell can furthetdamslated into cell CE, aliscussed in Reference
[26]. In the present notation the CE of ifleycle can be expressed as:

pr’lc r’17p 'f']p i P g ¢
¢cuv n p

6 0Q S - L L
n Qn Qp n Qp n Qp

¢cb B n & nAe ne n e 1 Qp
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This is the typical information derived from symmetric cells. Utilizing thenkentory
model, it is possible to derive the inventatyange capacity occurring at each individual electrode
that is responsible for the overall capacity fadehaf tell, as shown ifrigure 5.2(b). Here,
electrode A shows a slightly smaller specificentory-changecapacity compared to electrode B,
showing thatthe two electrodes are not exactly identical. These differences can be due to the
different preparation conditions of electrodes A and B in half cells prior to their assembly into the
symmetric cell. The inventorghange capacity at each individual eled&as the sum of many
degradation mechanisms, as mentioned above. Quantifying the contribution of each degradation
mechanism to capacity fade, is more difficult to achieve and is the goal of the rest of this study.
To do this, the contributions of SEI grtw mechanical failure, and excess capacity need to be

further considered.

600 250
(a) b °
B # Discharge o _ () o
| 3 o< o®
550 - s <& Charge c o L *
* § 2200 o
—_ ® < < ®
< $Q$ o< | o’
2500 ®ou, >E o
i AN o — (o
E ‘QQ’Q ‘qé; 2 150r o'...
Zas0f *0es, >Q o
> ®oy £a 0 oot%
= ‘s - © | Od Q‘§§xxx
o ® 90O 100 o** *#EXX
© | QQ - ® ’.oxxx"
2 400 ®e © S O e %x*
© %o =0 3 o® soEXX
(8] QOQ g = o ““‘;;zxxx
@ * X:
%, S8 50F e RS et @ Symmetric cell
350 + ‘QQ o9 o* ,0“‘xxx"x
3 &: 14 | o ".;xxxxx X Electrode A
;§§x"x ¢ Electrode B
300 L 1 L 1 L 1 L 1 L 0 L 1 L 1 L 1 L 1 L
0 10 20 30 40 50 0 10 20 30 40 50
Cycle Number Cycle Number

Figure5.2 SigoW20 DHC (a) Charge and discharge capacity and (b) accumulated invehemge

reaction capacity versus cycle number of thelpheated electrode (electrode A), and pre
delithiated electrode (electrode B). The specific capacity of electrode A and B warkatesl

with respect to their corresponding active material massadfjaire the electrodénventory
changeate for each cycle, it was assumed that electrode A and B have achieved the same average
specific steady state reaction rate during these cydegmied in equation (5.3).
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5.4 Anode Degradation Behavior in Symmetric Cells

The appropriate choice of cell format is crucial to measure and understand anode capacity
fade in symmetric cells. Although capacity fade measurement has been commonly comducted
conventional symmetric cellg26,208,209] some concerns remain about the result accuracy
because of the complex cell assembly process and electrode aligissues. As a new type of
symmetric cells, DHC¢Figure D2(a)) have been designed to overcome these issues, providing
improved measurement accuragydaeliability [27]. To understand anode degradation behavior
in symmetric cells irdepth, DHCs were modified to QDHFigure D2(b)), where the Li
terminals serve as gsiaeference electrodes to monitor the potential of each WE. It needs to be
pointed out that the use of the extra connection between the Li terminals and one of the WEs could
continuously induce a tiny amount of unwanted capacity into the WE, since tbadange of these
potential sense leads is not infinite. This is as showrigare D2(c-d), which illustrates that the
measured capacity fade of a grafQDHC is lower than in a DHC, due to leakage curtent
0.06 mA gh) between the Ll-tounter electrode and a graphite WE via the grefsrence
electrode connection to the charger. Because of this regesits from QDHCs are only used
here to illustate the potential behavior of individual electrodes, while DHCs are used for

gualitative analysis.
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Figure5.3 (a) Potential curves of agoiVoo half cell. The grey area represents the excess capacity
above 0.9 V. Potential curves of (b) aBi>0 QDHC and (c) the prdelithiated SioWo electrode

in the QDHC. The inset in (c) shows an expanded view of potential curves above 0.8 V. The dashed
line represents the intended upper-offtpotential.(d) The upper endpoint potential and released
accumulated excess capacity of the prelithiategh\b electrode during cycling.

To approach test conditions relevant to commercial c&ilalloy anodes areommonly
cycled in half cells with an upper cutoff potential of 0.9 V, where the anodes may be only partially
delithiated[50]. As shown inFigure 5.3(a), the SioW2o electrode (here cycled in a hakll)
releases an excess capacity of ~50 mAlwpgen delithiated from 0.9 V to 1.5 V. The presence of
additional capacity above 0.9 V is typicfor Sitbased anodes anmhakes such electrodes
unsuitable for study using traditional symmetric cell meth@dssee how this electrode cycles in
symmetric cells, QDHCs were constructed witlho®ko WEs. These QDHCs were cycled as
symmetric cells between 0.9 V, as shown ifrigure5.3(b), while individual electrode potential

was measured using the-quasi REs, shown iRigure5.3(c). During symmetric cell cycling, the
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SigoW2o electrode experienced varying endpoint potentials, as observed from the shifting upper
and lower endpoint potentials during tigg. The shift of the upper endpoint potential can cause
some of the excess capacity to be accessed during symmetric cell cycling, as shown in the inset of
Figure5.3(c). Both SEI growth and mechanical failure, which cause irreversible loss of active Li
can be attributed to the observed increase in the upper potential endpoint. The excess capacity from
oneelectrode can be approximately evaluated based on the capacity above the intenéfed cut
potential.

The upper endpoint potential and the amount of accumulated excess capacity of one
SigoW2o electrode during cycling are summarizedrigure5.3(d). A significant increase in the
SigoW20 excess capacity was observed after just 20 cycles (~20 mAh/g or 3% of the total electrode
capacity). The SiW-o electrale upper endpoint consecutively shifted to a higher potential, due to
the Li inventory loss in the symmetric ceéluch anode endpoint potential shifts have also been
observed in Si/ LiNjgC.15Al 0.0502 full cells [200]. This implies that symmetric cells might more
realistically emulate full cell cycling than half cells. TBigoW20 symmetric celshownin Figure
5.2 experiences a capacity loss of 245 mAhadter 50 cycles. Roughly, the capacity reimbursed
by the excess capacity is about 44 mAh (the initial excess capacity of electrode A is not
included), or about 18% of the measured capacity loss. Accordingly, the total capacity loss from
SEI growth and mechanical failure should be corrected to be ~245 rhAhg mAh gt = 289
mAh g2. In other words, the capacity loss analysis edliy symmetrt cells without considering
the excess capacity would result in an inaccurate determination of the capacity loss contributions
from SEI growth and mechanical failure that traps active Li.

Electrode mechanical failure in QDHCs was aiswestigated using &W.o/G 20/50

electrodes with an intended cutoff potential of 2.5 V as an example. This increased upper cutoff
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potential was used to minimize the excess capacity effect and cause a more severe mechanical
failure for alloys, due to higdr volume contraction at a more complete state of delithiation.
Graphite was utilized to improve electrical contact to the alloy particles. Without graphite, pure
SigoW2o electrodes suffered dramatic capacity fade in QDHCs and in half cells when cyitlisd to

high upper cutoff potential, as shownHRigure D3.
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Figure5.4 (a) Capacity versus cycileimber of SoW20/G 20/50 electrodes cycled in a QDHC and

a half cell. Potential curves of thes@V20/G 20/50 (b) QDHC and (c) half cell. The insets in (b)
and (c) show the corresponding lower endpoint potential versus cycle number. Only in this
experimem, SFG6L was used as the graphite material.

As shown inFigure5.4(a), the SoW20o/G 20/50 electrode in half cell has good capacity
retention during the first ten cycles and then suffers severe capacity fade, resulting in a poor
capacity retention of 70% after 50 cycl@&be severe capacity fade may be related to the applied
high potenal endpoint, whictcould oxidize theSi-alloy SEI layer This capacity fade is mainly
caused by electrode mechanical failure, since any Li loss due to side reactions with electrolyte can
be compensated with lithium from the Li counter electrode. In thd©@o sudden capacity fade
behavior is observed. In addition, it was found that the DQHC is seen to have a capacity fade of
54% after 50 cycles, which is even less half of the-tellf capacity fade, indicating that anode
degradation resulting from eleatle mechanical failure can behair#ferently in symmetric cells

and half cellsFigure5.4(b) and (c) show the potential profiles of theoBl.o/G 20/9 electrode
86



in QDHCs and half cells, respectively. The endpoint potential of g&/%/G 20/50 electrode in

the half cell is fixed at 5 mV during cycling. In contrast, the\8d/G 20/50 electrode in the
QDHC has a lower endpoint potential of 48 mVtat first cycle. The lower endpoint potential
then shifts up to 80 mV after 10 cycles. This increasing endpoint potential is likely responsible for
the greater cell fade experienced by the symmetric cell compared to tvelhalf

The above result also reals that the StW20/G 20/50 electrode has a lower lithiation depth
in symmetric cells than in half cells, indicating that the anode volume change in symmetric cells
is smaller. Therefore, the alloy should have experienced less mechanical failure mihetrsy
cell compared to the half cell. To see if this is the case, after cycling for 50 cycles, the QDHCs
were separated and cycled as individual half cells. These cells had substantially greater capacity
than the SbW20/G 20/50 electrode half cellsfter 50 cycles. The amount of capacity loss as
measured by hakfells is equated with mechanical failure. This indicates that thé&/&G 20/50
electrodes suffer less mechanical failure when cycled in symmetric cells than in half cells. The
amount of mehanical failure encountered by thed®i20/G 20/50 electrode during cycling in the
QDHC and haHcell formats are compared kigure D4. This effect nust be kept in mind when
comparing full cell and symmetric cell alloy cycling performance with-bellf cycling.

A lithium inventory and associated SEI growth foraBoy materials are difficult to
guantify in the cases above. The main challenge igerkta the presence of multiple degradation
mechanisms and excess capacity. In the next part of this work, a method to measure the capacity
fade specifically from SEI growth for @iloy electrodes will be proposed and the SEI growth

behavior on Salloyswill be studied.

87



5.5The Measurement of SEI Growth and Repair
SEI growth, considered as a major source of cell capacity fade, needs to be carefully
investigated. However, SEI growth ondioys, often masked by other simultaneous degradation
processessgsidifficult to quantify. Considering that graphite is commonly blended wibaSed
anode materials to improve electrode stability, this strategy is also used here in the measurement
of the SEI growth capacity. Benefits of this method are:
1. Graphite can@ as an internal reference to stabilize the electrode endpoint potentials
during cycling.
2. Electrode mechanical failure may be suppressed.
3. Si-based materials have been used in commercial LIBs by blending them into graphite
electrodeg210]. It is practical to evaluate the SEI growth oraoy materials in the

same environment in which they will be utilized.
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Figure5.5 (a) Potential curves of ag&W20/G 20/50 QDHC at various cycles. The inset in (a)
shows an expanded view of potential curves above 0.8 V. A summary of (b) upper endpoint
potential and (c) accumulated ess capacity versus cycle number ofo\Wbo, graphite, and
various SdoW20/G electrodes in QDHCgd) Accumulated excess capacity o§oBi2o in various
SigoW20/G blended electrodes when cycled in QDHCs, with a comparison to a BRe&bSi
electrode.

Figure5.5(a) shows the potential profiles of adV.o/G 20/50 electrode cycled in a QDHC
at variouscycles with a practical cudff potential of£0.9 V. The inset in the figure clearly shows
that the ncrease of the upper endpoint potential has been suppressed after 2FFgyaieS.5(b)
shows a comparison of the endpoint potential trends fali®i, Sialloy/graphite, and graphite

electrodes in QDHCs. While endpoint potential for thelfly electrode QDHC continuously
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increases, th&i-alloy/graphite blended electrode QDHC endpoint potentials behave the same as
the pure graphite QDHC; where thadpoint potentials become stabilized after about 20 cycles.
When the alloy content is high, as in theo®.o/G 35/35 electrode, the upper endpoint potential
again begins to increase after 35 cycldg suppression of the increase in upper endpointfiaite

in the alloy/graphite blended electrode coatings is due to the presence of graphite, which has a
relatively flat potential curve near the lithiation endpoint. This has the desirable effect of limiting
the lower potential cutoff shift, which, in turalso keeps the upper potential endpoint of the paired
electrode from shifting in the symmetric cell. In other words, the lower potential plateau of graphite
effectively provides the symmetric cell with a buiitlower potential reference.

The effectiveness of different graphite contents on suppressing the upper potential
endpoints of the symmetric cell electrodes from shifting can be more clearly seen in their
differential capacityFigure D5(a) shows the™®, 30", and 58 delithiation differential capacity
curves of a graphite electrode cycled in a QDHC. Peaks corresponding to the delithiatiori'of the 1
(~0.11 V), 29(~0.15 V), and '8 (~0.23 V) stages of graphite are clearly visible. These peaks are
also visible for thalloy/graphite blended electrodes cycled in QDH&gure D5(b-d)), however,
as the graphite content decreases, the graphite staging peaks becoraedndathift to higher
potentials, especially for th8igoW20/G 35/35 electrode. This is indicative of an increase in
polarization on the graphite component of the electrode when the alloy content is increased, which
may be due to poorer electrical conmattwvithin the electrode. This polarization decreases during
cycling, which might be attributed to the alloy electrode continually expanding during cycling,
resulting in internal compressive forces and improved electrical contact. In addition to the
polarization effect, lithium loss during cycling results in the disappearance of thelstage

delithiation peak during cycling when the amount of graphite in the electrode is insufficiently high.
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This occurs for the &W2o/G 35/35 and 20/50 electrode blends,vghan Figure D5(c and d),
after about 40 cycles and 48 cycles, respectively. When this plateau is not active, the graphite no
longer acts as an internabtential limit in the QDHC and, as a result, the upper cutoff potential
will begin to increase, as shown kigure 5.5(b). In contrast, when sufficient graphite is added
graphite polarization remains low and the stage 1 delithiation plateau can be maintained
(SigoW20/G 5/65 electrode blend and thesoBi20/G 20/50 electrode blend between cycles-52).
As a result, the excess capacity can be effectively suppressed when sufficient graphite was added
and, as a consequence, the excess capacity of the blended electrodes is much less than that of the
alloy electro@. Furthermore, blended electrodes with higher graphite content have lower amounts
the excess capacity, as showrrigure5.5(c).

To further understanthe origin of the excess capagitile accumulateéxcess capacity
per SgoW20 mass in blended electrodes is showrFigure 5.5(d). This figureshows that the
accumulated excess capacity of the\8bo/graphite electrode becomes constant after 20 cycles.
In contrast, when graphite is not present the excess capacity is higher and increases during cycling.
Thereforetheuse of Sialloy/graphite corposited electrodes can significantly suppresexoess
capacity increase. Of course, there is a limit to this strategy, since if the alloy content in the
electrode becomes too low, error in its contribution to the electrode capacity will become large.

Although halcells have been often used to evaluate alloy electrode mechanical failure
[48,211] Figure D4 demonstrates that electrodes can have a different severity of mechanical
failure when cycled in half cells and symmetric cells. Considering that one major difference
between electrodes cycled in these two cell formats is the engpdéntials, SbW20/G blended
electrodes with $tW-o/G ratios ranging from 100/0 to 5/65 were cycled in-oalfs with several

lower cutoff potentials, as shown kiigure D6. The pure SpWo2o electrodes suffered from some
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initial capacity fade during the first 20 cycles. Such capacity fade phenomenon is due to
mechanical failure. In contrast, the blended elecsaltenot show this initial fade and generally
exhibit less capacity fade as the graphite content is increased.

From Figure D6, it is easy to concludéhat the addition of graphite in the blended
electrodes has reduced the capacity fade of the alloy. However, the good cycling of the graphite
component could be masking fade in the alloy component of the electrode, especially when the
alloy component becoas small. To deconvolute the alloy capacity from the graphite capacity, a
simple assumption was made that the graphite component of the electrode has no capacity fade.
This assumption is supported by the differential capacity plots of the QDHCs, shéuguia
D.5. From cycle 120, the graphite differential capacity staging peaks sharpen and polarization is
reduced. After this, there is little changetire differential capacity excepting a reduction (or
complete disappearance) in the stage 1 delithiation peak. For instance, even though the stage 1
differential capacity peak has disappeared after 30 cycles forsthé-8G 35/35 electrode cycled
in a QDHC, as shown irigure D5(d), the remaining staging peaks remain unaffected. This shows
that the graphite active mass remains constant during cyclihgse electrode blends and that the
majority of the fade can be attributed to the alloy content.

According to the above analysis, the alloy contribution to the capacity fade can be
deconvoluted from the total capacity of these blended electrodes bycsinbtridne graphite
capacity. This is shown iRigure D7 for half-cells of the different electrode blends cycled to a 5
mV lower potential limit, where the graphite capacity (336 mAhwas determined from a pure
graphite halcell. The alloy capety and fade are roughly the same in th@\8d/G 20/50 and
10/60 electrodes. However, the alloy capacity is significantly lower and a higher capacity fade rate

is observed for the &W2d/G 5/65 electrode. This effect is due to excessive polarizationgdu
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cycling on the alloy component, when the alloy content becomes low. At potentials below 0.4 V
the cell current is carried by both the alloy and graphite active components of the electrodes.
However, at potentials above 0.4 V only the anode composetive and must carry all of the
current. At the lowest anode content ofo8i2o/G 5/65 the alloy component only accounts for
about 10% of the total electrode capacity. Therefore, at potentials above 0.4 V and for the C/5 rates
used here the alloy compemt is cycling at a 1.8C effective rate. This causes increased polarization,
leading to reduced capacity and increased fade. It should be kept in mind, however, that the alloy
fade will be less in the symmetric cells than the half cells shown here, assdid@above in relation
to Figure D4. A further evaluation of the electrode mechanical failure can be done by measuring
the electrode reversible capgdfin half cells) before and after cycling in symmetric cells.

According to the discussion abovegi®/>0/G blended electrodes in symmetric cells have
low excess capacity. Such cells are also expected to have very little fade. This is demonstrated in
Figure D8 for SigoW20/G 20/50 electrodes cycled in a DHC at 60°C. Before and after cycling 100
times in the DHC format, the individual cells of the Di€re cycled as half cells. The difference
in half cell capacity during delithiation at C/20 rate before and after DHC cycling was used to
measure the extent of fade from mechanical failure. No fade was detected by this method.
Therefore, it was assumed tliade from mechanical failure was insignificant @agacity fade is
primarily related to SEI growth ondgiW2oand carbonaceous materials. Assuming that SEI growth
on an electrode is equal to the sum of that on each electrode con$8iettie expressions of

side reaction capacity &t cycle can be presented as below:

n Q n QN Q N QN Q 0 0€i0 vy

n Q n QN Q N QN Q0 0¢i6 L
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where C and Si represent carbonaceous aatl@i materials, respectivelffuture measurements
should be conducted to also confirm the extent of fade machanical failure at the 3@ and

45 °Ctemperature used for symmetric cell cycling and for all of the electrode blends. If fade from
mechanical failure is present, then it can be easily measured and incorporated in the model by
adding additional term®f this fade component in Equations (5.6) and (5.7).

To easilydeconvolute the SEI growth &isoW20 from blended electrodes, it was assumed
that the graphite component's SEI growth is independent of the alloy component, as observed for
the graphite compamt capacity fade. In addition, DHCs were cycled with a constanatteC
cycling protocal With this protocol, symmetric cells have an almost identicedt€ during each
cycle, regardless of capacity fade. This cycling protocol enables the SEI growttbonazaous
materials to be obtained as a function of cycle number (equivalent to a function of time in constant
C-rate cycling) from DHCs containing graphite electrodegyre D10). The amount of SEI
growth capacity for these constant&e cycled graphite DHCs can then be used to estimate the
graphite SEI growth capacity of the graphite component of alloy/graphiteldidleDHCs, also
cycled at constant-Gate.

Figure D9(a) compares the capacity fade ofoBi2o electrodes cycled in DHCs with a
constant current constiamoltage (CCCV) cycling protocol and a constantafz CCCV cycling
protocol to illustrate the difference between the two cycling methods. In this example, a pure alloy
electrode is used, since irreversible Li loss will be greatest in this electrodéfarahdes between
the two cycling methods is most apparent. As showiganre D9(b), the time per cycle of the
symmetric cell cycled using a convemtal CCCV cycling protocol decreases by about 40% after
50 cycles due to capacity fade, while the time per cycle of the cell cycled with constaet C

cycling increases by only about 8%hich is primarily due to the error in estimating the initial
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cycle capacity The slow increase in cycle time of the h constamai€ cycled cell is due to a
longer CCCV step as cycling proceeds, presumably due to changes in cell impedance. The shorter
cycling time of the conventional CCCV cycled cell means that thdessstime for SEI growth

per cycle and therefore, less lithium loss per cycle. As a result the fade is less for the conventional
CCCV cycled cell, as shown Figure D9(a). Such a situation would not allow the SEI capacity
from graphite to be deconvoluted by simple subtraction. In contrast, since constaatcgcled
alloy/graphite blended cells and graphite cells will have spent about the same &imeupr

cycle at any given cycle number, this enables the graphite SEI component to be deconvoluted by
simple subtraction. It should be noted, however, that in alloy/graphite blended electrodes, the
graphite component will experience a larger proportibtinge per cycle above 0.4 \i.€. fully
delithiated) than in a pure graphite cell. Therefore, graphite could potentially have decreased SEI
growth per cycle in blended electrodes, especially with high alloy content. To gauge the potential
impact of this #ect, multiple alloy graphite blends were evaluated in this study. As will be shown
below, the calculated SEI alloy growth is the same for all cells, showing that this effect is

insignificant for the different electrode blends used in this study.

95



500 (a) Sig,W,,/G 20/50 100 (d)
a i
. 80VV 20 o Discharge o | = SEI growth on C.(B)
S © Charge g B g0l SEI growth on Sig,W,, (B)
~ 833 S i m SEl growth on C (A)
YT AN 2E SEI growth on SigW,, (A)
< "o, )
o, ] L
E QQ‘@Q g ‘?
= o0y Z 8
2 "‘o, S5
S *00, 20 40
2300} *4es, S
3 ey 32
o0, E©
o0, 3 s 20
o
<
200 1 1 1 1 o |
0 10 20 30 40 50 20 30 40 50
Cycle Number Cycle Number
440 80
| (0 SigW,0/G 10/60 ¢ pischarge o__ | =m SElgrowthon C (B) ()
3 © Charge g",,, SEI growth on Sig,W,, (B)
~400 KR £ 560 mm SEl growth on C (A)
_;c:n %0% >E SEI growth on Sig,W,, (A)
< ®o, £
E360f o, c2
= ‘o, 2 840
2 N =
i) . °
[T ®e o O
] *e -
2320 - *o0q ®c
© AN 5.0
© *%e0 E G20
‘o.‘ 5 ®
oo, 3 &
280 - <
1 1 1 1 o
0 10 20 30 40 50 20 30 40 50
Cycle Number Cycle Number
360 60
s (c) SigW,,/G 5/65 Discharge o_ = SEI growth on C (B) )
338 & Charge gvm SEI growth on Sig,W,, (B)
=320} % S é mm SEl growth on C (A)
g %% 3 E 40 SEI growth on Siz,W,, (A)
< QQQQ ‘g ;
£ oo S35
Z280f e 28
2 ’°‘o, 5 &
] e, o O
*, =
o *o, © €20
© *ey =]
O 240 ‘oo, ED
."’0 3 g
"0. ] 14
<
200 . . . . 0
0 10 20 30 40 50 20 30 40 50

Cycle Number Cycle Number

Figure5.6 (a-c) Capacity and () corresponding accumulated inventatyange reaction capacity

versus cycle number of gW20/G 20/50, SioW20/G 10/60, and $W20/G 5/65 electrodes in DHCs,
respectively. ie DHCs were cycled with a constant&le protocol. In the legends, C represents
carbonaceous materials, including graphite and carbon black. A and B represent electrode A and
B, respectively. The inventorghange reaction capacity is analyzed only frgwiec21 to 50, since

during these cycles the blended electrodes have negligible excess capacity increase and mechanical
failure.
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Figure 5.6(a), (b), and(c) show the capacity of &W.J/G 20/50, SoW20/G 10/60,
SigoW20/G 5/65 electrodes cycled at a constaiat@ in DHCs, respectively. These three types of
blended electrodes have different capacity fade rates. For example, the capacity ¥\MheéGoi
20/50 DHC drops by 215 mAh'gafter 50 cycles while the corresponding fade of theVGi/G
5/65 DHC is 130 mAh¢. During these cycles, the blended electrodes have negligible increase in
excess capacity. Assuming mechanical failurenssgnificant, as discussed above, the capacity
fade will only be related to SEI growth. Utilizing Equatiortss6] and 6.7), this fade was
deconvoluted and presented as the SEI growth on the graphiteselWeo®iectrode components
for electrode A and Endividually, as shown irrigure5.6(d) and (e), and (f). Results show that
the accumulated capacity caused by SEI growth has a roughly linear trencly@@émumber
(nearly identical to time for constant-réte cycling), both on graphite ands@V2o. This is
consistent with previously reported linear SEI growth rates with time on graphite ele¢tiodes
In addition, fromFigure5.6(d) and (e), and (f) it can be observed that the proportion of SEI growth
on SioWaoo increases witlan increased amount ofs@V2o in electrodes.

Figure5.7 shows the accumulated SEI growth capacity @iGio per unit SioW20 mass
in SigoW20/G 20/5Q SigoW20/G 10/60, and $$W20/G 5/65 electrodes. In these three electrodes, the
accumulated speaif SEI growth capacities onggiVzo are almost equivalent. The average specific
SEI growth capacity per cycle ong®V2o in these three types of blended electrodes is about 2.0
mAh g?, as shown irFigure5.7(b). This result was achieved even with the low alloy content
SigoW20/G 5/65 electrode, showing the robustness of the method. However, measurement error and
increased polarization on the alloy will eweally cause measurement issues when the alloy

content becomes too smédl.g, the alloycontent is below 1% by volume
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Figure5.7 Accumulated specific SEI growth ons®W2o per SgW20 mass, versus cycle number
of SigoW20/G 20/50, SioW20/G 10/60, and $iW20G 5/65 DHCs cycled with a constantr@te
protocol. (b) A summary of the average SEI growth @eV%io per cycle per StW2o mass in these
electrodes (between thes24nd 50 cycle).

To demonstrate the usefulness of the method for deconvoluting SEI growth, it was applied
to different cycling conditions and electrode materials. To see if the effect of temperature on SEI
growth, DHCs were constructed withg8iVoo/G 20/50 electrodes and cycled at 45°C and 60°C.
Figure5.8(a) and (b) show the capacity vs. cycle number of th#\S/G 20/50 electrode DHCs
at 45°C and 60°C, respectively. To ensure stable uppeoffcytotentials throughout the
measurements at the elevated temperatures only 40 charge/discharge constatet €ycles were
conducted. The DHC of thegBiV2o/G 20/50 electrode cycled at 45°C has a similar initial capacity,
but a slightly higher capacity fade than the DHC of theV%id/G 20/50 electvde cycled at 30°C
(Figure 5.6(a)). The DHC of the &W20/G 20/50 electrode cycled at 60°C has a significantly
greater initial capacity, which is likebttributed to reduced polarization at this temperature. This
cell also had an increased fade rate. The individual cells from the 60°C DHC were cycled as half
cells before and after DHC cycling. These results (shownguare D8) show that no fade from

electrode mechanical failure occurred during the 60°C cycling. Since no fade from mechanical
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was observed at this extreme temperature, no mechanicaéfais also assumed for the cells

cycled at lower temperatures.
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Figure5.8 Capacity versus cycle number of graphite angV&id/G 20/50 electrodes in DHCs at
(@) 45°C and (b) 60°C. The DHCs werecycled with a constant -€ate protocol. (c) The
accumulated specific SEI growth orsdV2o per SgoW20 mass versus cycle number fogdBV20/G
20/50 electrodes at 3C, 45°C and 6C0°C. (d) A summary of the average specific SEI growth on
carbonaceous matals and on SbW2o per cycle at different temperatures. The average fade at
60 °C was evaluated between cycles 21 and 30. Error barsstav.5at 60°C were calculated as
the range of six sampleBhe other error bars were calculated as the range psé&aples.

Figure 5.8(c) shows the specific accumulated SEI growth capacity g at 30 °C
45 °C and 60 °C. The average specific accumulated SEI growth capacity per cycle for the graphite
and alloy components of the g8l2d/G 20/50 electrode are shown FKigure 5.8(d). The
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accumulated specific SEI growth capacity per cycle is relatively low for graphite at all
temperatures. As temperature increases from 30 °C to 60 °C, the specific accumulated SEI growth
capacity on graphite increaseaighly linearly from about 0.2 mAh/gycle to 0.4 mAh/egcycle.

This increase in SEI growth on graphite with temperature is consistent with previous [&forts

In contrast, accumulated specific SEI growth capacity per cyclesoWWgiis much higher than
graphite, increasinfrom about 2 mAh/gcycle to 3.6 mAh/ecycle over the same temperature
range. This increase is nonlinear, indicating that the rate of electrolyte reaction on the alloy
component becomes accelerated with increasing temperature. These results indicatedhateh

SEI growth on Salloy materials could be a challenge to overcome, particularly at elevated
temperatures.

Such measuremesitan be used to compare the electrolyte reactivity on differesitdyi
compositionssuch as S¥W2s and SgoW2o. Figure D11(a) shows the capacity vs. cycle number
of a SizsW25/G 20/50 DHC. Because of its higher-&intentSizsW2s has a lower capacity and
volume expansion compared &soW20. As a result, the fade tevof the DHC is also less. As
shown inFigure D11(b) this results in less accumulated SEI growth per cycle as measured per
gram of active material as a percent of its reversible capacity. Therefore, as expected, less SEI
growth occurs when alloy expansion is less. By this method a balance between SEI growth and
reversible capacity might be determined for new alloy materials.

Finally, such measurementcan additionally be applied to establish an effective
comparison of electrolyte reactivity between completely differenbaSed active material
chemistries. For example, SiO is now a commonly used commercial anode nfatprial D12(a)
and (b) show the capacity of SiO/G 20/50 and 10/60 blended electrode half cells before and after

cycling as DHC format. No mechanical failure could be detected i tes during the DHC

100



cycling. Therefore, as with thegBiV2o/G cells, all of the fade measured during DHC cycling could
be attributed to SEI growtlkigure D13(a) and (b) show the capacity vs. cycle number of the
DHCs prepared using SiO/G 20/50 and 10/60 blended electrodes. The accumulated capacity from
SEI growth for these cells was determined in the same manner as described above for the
SigoW20/G blended electrodeBigure D13(c) and (d) shows the accumulated capacity from SEI
growth for each component in these cells. As with theWst/G blended electrodes, the SEI
growth increases linearly with cycle number for all active electrode compofiénise D13(e)
compares the average accumudaspecific SEI growth capacity per cycle on SiO with that of
SigoW20. This is plotted as a percent of the reversible capadiigure D13(f). SiO hasan average
SEI growth capacity per cycle of 1.5 mAH (0.13% of its reversible capacity), which is much
lower than the average SEI growth capacity aV&io (2.0 mAh g' or 0.34% of its reversible
capacity).
5.6 Conclusions

A Li inventory model has begmroposed to describe and interpret the anode capacity fade
in symmetric cells containing @iloy materials. Multiple anode degradation mechanisras,
electrode mechanical failure and SEI growth and repair have been included in the model, as well
as the excess capacity, affected by the electrode upper endpoint potential shift. On theHissis of
model, a correlation between the symmetric cell capafdtie and undergoing multiple
mechanisms to change the amount of active Li has been established. Furthermore, it was found
that blending graphite with &illoy materials is an effective way to eliminate the effects of the
upper endpoint potential shift. Meover, DHCs were found to be an effective symmetric cell
format that can be used to quantitatively determine capacity contributions from SEI growth and

mechanical failure, which is not possible to do in conventional symmetric tesilsg these
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techniqueghe SEI growth on Salloys have been quatdiively determined in Salloy/graphite
blends. This includes a comparison of SEI growth ollBy vs. graphite, the temperature
dependencef SEI growth on Salloy, a comparison of SEI growth on-&loys with different
degrees of volume expansion, and finally, a comparison of SEI growthalloysmaterials with
different material chemistriedt is believad that this method will be highly useful for the
measurement of capacity degradation iral®ly andother materials and therefore could be an

extremely useful tool for future battery materials development.
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CHAPTER 6 Current-corrected Cycling Strategies for True Electrode Performance
Measurement and Prolonged Cell Cycle Life

This chapter was reproduced frahe following peetreviewed article:

Zilai Yan, Benjamin Scott, Stephen L. Glazier, Mark N. Obrqv@&arrentCorrected
Cycling Strategies for True Electrode Performance MeasurenBaiteries & Supercaps
doi.org/10.1002/batt.20210034bigures and text ithis chapter are reproduced with permission.
Copyright2021, Wiley-VCH GmbH

Z. Yan and M.N. Obrovac proposed the research plan. Z. Yan performed experiments.
Benjamin Scott provided help to establish the curoemtected cycling tests on Maccor. Stephen
Glazier provided pouch cells. M.N. Obrovac provided guidance and participated in experimental

design. Z. Yan and M.N. Obrovac prepared the manuscript.

6.1 Introduction

Towards a modern society with zero £@missions, rechargeable batteries have been
identified as a key technology, enabling electric vehicles and emerging as a strong candidate for
grid energy storagl3,212,213] Challenges remain, féhe development of batteries with higher
energy density, longer service lifetime, improved safety, faster rate, and lowg1eh&15] To
improve battery performance, extensive research in new electrodes has taken place via their
synthesis, and evaluation for their electrochemical perform@iée217]

One of the most common strategies to investigate electrode performance is the utilization
of galvanostatic cycling218 220]. In each charge/discharge step, a constant current is applied
until a designed potential is reached. Theate is widely used to describe the discharge/charge
rate and is defined as the currahtvhich a cell can be fully charged or discharged in one hour. A

cell's cycling rate is commonly expressed in terms of that€as C/#, where # is the number of
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hours desired to reach the end of discharge or chi22d¢ This key parameter is often presented
along with measured capacity since the cell/electrode capacity is a strong function of the cycling
rate.

For traditional glvanostatic cycling (TGC), the current value is generally set according to
the predicted cell/electrode capacity and remains unchanged throughout the test. To test electrode
performance under different ratesd.in a rate cycling test), a universal cuntreralue (in most
cases obtained from the theoretical capacity at low rates) is unfortunately used, due to the difficulty
in predicting the capacity under these rd&22,223] In reality, highrate performance is likely
measured ah much higher rate than the designed rate because of significantly declined cell
capacity due to polarization/diffusion effects. Available data at designed cycling rates is
challenging to gather, seriously hindering higlte battery developmer224]. In addition,
electrodes suffer degradation and capacity loss. This also results in accelerated actual cycling rates
[55]. For example, if an electrode is initially evaluated at a designed rate of C/5 but suffers 50%
capacity loss during cycling, thimeans that during cycling the actual cycling rate continuously
increases from C/5 to C/2.bigure E1 illustrates the relationship between capacitgmgon and
the actual cycling rate. As the cell capacity becomes reduced, then the actual cycling rate increases.
If the electrode loses its capacity significantly, the cycling rate can rise to extremely high values.
Since cell polarization (caused by higate cycling) also reduces capacity, the observed
performance of an electrode during TGC at high rates has little to do with its ability to operate
under a fixed discharge/charge time.

In this study, a currertorrected galvanostatic cycling (CCGC) t#gy is proposed, to
ensure that electrodes and related electrochemical cells of interest are evaluated at designed cycling

rates, while the TGC results are presented as a comparison. This advanced cycling strategy is
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successfully implemented to evaluatiectrode performance in lorigrm cycling and rate
performance tests. The CCGC method is also investigated to examine its impact on the cycle life

of commercial cells

6.2 Experimental

Graphite electrodeNOVONIX Battery Technology Solutions Ltd., BedfbNS, Canada
had a mass loading of 7.35 mg €érand a press density of 1.55 g &nLiNiO2 electrodes
comprised LiNiQ (lab-madein this study, carbon black (Super C65), and PVDF (grade 301F,
KYNAR) with a weight ratio of 96:2:2. The details &fNiO2 synthesis can be found in the
APPENDIX E An XRD pattern and SEM images of the synthesized LiNsGhown inFigure
E.2. Lattice parameters arsite occupations derived from Rietveld refinement are listed in Table
S1. The synthesized LiNiJs singlephase (:NaFeQ structure) with ~2% Ni present in the Li
sites. Si electrodes comprised Si (99%, 325 mesh, Sijdrach), CB (Super C65)andLiPAA

(from a 10 wt % LiIPAA aqueous solution, withOH-H>O (@ 98.0%, SigmaAldrich) in distilled

water) in a volumetric ratio of 70/5/25. An appropriate amouit-afethyl2-pyrrolidone(NMP)

or distilled water was added to the PVDF and LiRB&#sed electrode mixtures, respectively, to

adjust viscosity. Slurry mixing was conducted for one hour using a planetary ball mill (Retsch

PM200) with three 13 mm tungsten carbide balls at 100 rpm. Edecsiarries were cast onto Al

foil (for LiNiO2 electrodes) or Cu foil (for Si electrodes) with a 0-0@zh coating bar. The

coatings were air dried at 120 °C for 1 hour and then cut into 1.38isks.All electrodes were

heated under vacuum for 1 howrd20 °C and assembled into cells with no further air exposure.
Coin cell construction was conducted in anfled glovebox using standard 2325 coin

cell hardware For cells with graphite or Si electrodes, 1M LéPiR ethylene carbonate

(EC):diethyl cabonate (DEC):fluoroethylene carbonate (FEC) (3:6:1 v/v/v, all battery grade from
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BASF) was used as electrolyte. For cells with Lid&Dectrodes, 1M LiP&in EC:DEC (1:2 v/v)
was used as electrolyte. Two layers of Celg2860 separator and one layer ofygdhylene blown
microfiber nonwoven fabric (BMF) (3M Company) were used as cell separators. Each electrode
was paired witlka 2.57 cr circular lithium metal (thickness of 0.38 mm, 99.9%, Sighdrich)
electrode.

402040size poucktype Liion cells (capaity of ~275 mAh) used in this study used an
artificial graphite negative electrode with a 12.4 mg?doading mass, and a NMC622 positive
electrode with a 19.4 mg cfrloading mass. After vacuum drying overnight, 1.2 g of electrolyte
(1.2 M LiPFs in EC: ethyl methyl carbonate (EMCHimethyl carbonate PMC)) 25:5:70 by
weight with 2% wt. vinylene carbonate (VC)) was added into the dry pouch cells in a dry room
with an operating dew point e50 °C, then vacuum sealed. Formation cycles were conducted by
hoding cells at 1.5 V for 24 hours at 4C, then charging to 4.2 V at a rate of C/20, and then
discharge to 3.8 V at C/20 rate.

Cells were evaluated using a Maccor Series 4000 Automated Test System and
thermostatically controlled at 30#0.1 °C, unless otherwise specified. Pouch cells were cycled

betweer2.8 V-4.2 V.

6.3 Results and Discussion

In most cases, CCGC can be accomplished by setting the current of each cycle based on
the capacity of the previous cycle, except the initial cycleciwwas determined from the
theoretical capacity. However, it was found that this method failed to achieve convergent cycling
results in the cases where the cycling capacity was highly sensitive to the current @egsity (

graphite electrodes cycled aghirates (>1C) during the rate cycling in this work). Therefore, this
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was resolved by setting the current according to the average capacity from the previous four cycles

(starting from the B cycle) for cycling rate testq Despitethis, small oscillatimsin currentwere

still observed In this case, the initiadycle current was also determined from the theoretical

capacity. From the second to the fourth cycle, the current was determined by the average capacity

of previous cycles. Ideally, common optration algorithms, such as gradient descent, should be

used i f
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Figure6.1 (a) Lithiation capacity, (b) the actual cycling rate, and (c) the applied current dansity
graphite electrodes in half cells cycled with CCGC and TGC protocols. In each 50 cycles, the
graphite electrodes were first cycled at the rate of C/20, followed by 49 cycles at the rate of C/3
between 5 mV and 0.9 V. The dQ/dV curves of the graphitéretées at indicated cycle number,
cycled with (d) TGC and (e) CCGC protocols. Arrows indicate how the differential capacity peaks
of graphite are shifted between C/20 and C/3 cycling rates.
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Figure 6.1(a) shows the capacity vs. cycle number of graphite electrodes cycled under
CCGC and TGC conditions. When graphite electrodes were cycled at a slow C/20 rate, the graphite
capacity remained constant andéarly identical for both cycling methods, even after 250 cycles.
This result indicates that the graphite electrodes remained highly reversible throughout this test.
Differences in capacities become apparent for electrodes cycled at a C/3 rate. For@atd 50
loop, graphite electrodes cycled under TGC conditions showed rapid initial capacity fade during
the first 10 cycles and then slightly recovered their capacity (the reasons for this behavior are
explained below). Correspondingly, during TGC the aatyeling rate increased during the initial
capacity fade of each &)/cle loop to almost as twice the designed rate (as showgure6.1(b))
since tke applied current density during the TGC test remained unchanged, as sHégurén
6.1(c). In contrast, the applied current density at each cycle gta®lg modified in the CCGC
method. For example, as shownFigure6.1(c), during CCGC a relatively high current density
(~110 mA g') was applied dung theinitial C/3 cycle in each 50ycle loop, since this rate was
based on the previous cycle's capacity, which was conducted at a lower C/20 rate and consequently
had a high reversible capacity of ~330 mAh dccording to the CCGC protocol, the curren
density was quickly modified to ~96 mAlgdue to the relatively smaller reversible capacity
measured at the C/3 cycling rate. As a result, the graphite capacity remained stable at ~290 mAh
g?! during CCGC cyclingRigure6.1(a)) and the actual cycling rates were well controlled, staying
at the designed C/3 ratéigure6.1(b)). Moreover, as siwn inFigure6.1(c), despite the continual
adjustments in current, the applied current density remained relatively stable at abdf 90
mAh/g duringC/3 cycling. Nevertheless, the CCGC method could be improved fuctienit
smallcurrentoscillations at high ratasthe simple method of averaging the capacities of previous

cycles to determine the cycling rate of the next cycle was modédigdyy utilizing the gradient
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descent method, as mentioned above, (which could not be accommodated with the utilized
charger's software) or at least by only including those previous cycles measured at the same rate
in the averaging.

Figure6.1(d) and (e) show differential capacity curves of graphite cycled under C/3 TGC
and CCGC conditions, respectively, during cycles662This cycling range corresponds to the
region of severe fade in the TGC cycled cell during the first 10 cycles of thedse@oycle loop.

Also shown in each figure is the differential capacity curve of graphite cycled at C/20 rate for
reference. Graphite has three major dQ/dV peaks at ~0.2 V, ~0.1 V, and ~0.07 V during slow
lithiation. These three peaks correspond to stpgimenomenon, due to the formation of £4C

LiC12, and LiG, respectively[225]. During fast charging (at the C/3 rate), the dQ/dV curves
become broader and are shifted towards low potentials for both the TGC and CCGC methods, as
shown inFigure6.1(d) and (e). The peaks corresponding toelfi@mation shift from ~0.07 V at

C/20 to ~0.03 V at C/3. This peak is heavily affected by the induced polarization using TGC,
resulting h capacity loss and poor cycling performance. A slight recovery in the capacity after the
initial 10 cycles is also related to a partially improved kinetics during tdfination.Figure E3

shows dQ/dV curves of the graphite electrode between cyclé8®for the TGC method. The

LiCe formation peak appears after cycle 65 lithiation endpoint. The intensity of this peak keeps
growing during these cyclesn lcontrast, since the cell cycled utilizing CCGC is charged and
discharged at a lower and more constant rate, its differential capacity peaks are sharper and show
less variability between cycles. In addition, the narrowers fg@mation peak does not becem
truncated by the lower cutoff potential and retains its capduaiyto thestabilized cycling rate

Figure E4 shows the average overpotential (calculated by the area between charge and

discharge curves divided by the capacity) of the graphite electrodes cycled with TGC and CCGC.
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The average overpotential can be considered as the sum of inheregurzen potetal
hysteresis and cetesistance induced polarizatif226]. At a C/20 rate, graphite electrodes have

a similar overpotential of ~0.04 V under these two cycling methods. At a C/3 rate, CCGC results
have an average overpotiahbf ~0.085 V at initial cycles, that gradually increases up to ~0.12 V
after 250 cycles. At the same rate, TGC results have a higher overpotentiat@f0B 02during

cycling.

Figure6.2 (a) Lithiation capacity and (b) the actual cycling rate of graphite electrodes cycled at
different rates using CCGC and TGC.

Figure6.2(a) shows the capacity vs ¢gaaumber of graphite electrodes cycled at different
rates ranging from C/20 to 5C using TGC and CCGC methods. For TGC, the capacity decreases
quickly at rates higher than C/5 and becomes negligeable when the @€ i his is because
the actual cycling rates are much higher than the designed rates when the capacity becomes lower
due to polarization, as shown kigure6.2(b). For instance, at a designed 5C rate, the observed

actual cycling rate for TGC is 1200C3600C, about 500 times in error. In addition to the low
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