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ABSTRACT

Increasing the energy density of lithium-ion batterid8$) is an important goal
for battery research for electric vehicle and grid storagecgtigihs. One method of doing
this is to use a protective coating on the positive electraaterial to protect against
electrode/electrolyte reactions that occur as the charging vaitabe cells is increased,
which increases energy density. This work develops methods to prejpawerf cells and
uses these methods to examine the effectivenes$, Ok coatings prepared by atomic
layer deposition(ALD). Two coating thicknesses on two positive electrode materials,
LiNi 0.eMno.2C.202 (NMC622) and LiNgsC.15Al0.0502 (NCA801505) were examined.
Samples annealed to various temperatures were characterizedscesmgng electron
microscopy (SEM)2’Al magic angle spinning solid-state nuclear magnetic resonance
spectroscopy (ssNMR), and X-ray photoelectron spectroscopy (XP8SMRs®n the
thick-coated NMC series suggests*AMdiffusion into the NMC material occurs at
annealing temperatute4000C. However, XPS results only show signs &f diffusion
at! 6000C for the thin-coated material &n@00GC for the thick-coated material. This
apparent disagreement occurs because th&sAdoatings are thicker than the XPS
measurement depth and so the initial diffusion from the coatingtigisible to XPS.As
the annealing temperature increases, so does the diffusiarf taeeAbOs layer into the
NMC. Thus, the coating layer thickness is reduced below the XPS measti@dapth at
higher temperatures. Full coin cells prepared from the ALD-doatgerials show that for
both NMC and NCA materials with the thicker-8kcoating, annealing to 600;C provides

the best cycling restd.
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CHAPTER 1 INTRODUCTION

1.1 JUSTIFICATION

Lithium ion Batteries (LIBs) are widely used in a varietycohsumer products.
With their rising use in electric vehicles and grid storage agipdics, increasing the energy
density of LIBs is a key goal for energy storage researchersagpreach is to develop
new positive electrode materials that have higher specific ¢egsaand that are stable at
higher operational cell voltage%s®>#°>¢ This thesis will look at one method of making
positive electrode materials more stable at higher voltages by asprotective coating
layer. This would allow for more energy to be stored in a battettyowi increasing its
size Additionally, this thesis will present an optimized method &tiable testing of new

positive electrode materials using full coin cells.

1.2 SCOPE OF THESIS

Chapter 2 presents an introduction to lithium ion cells. The basigponents are
discussed as well as the various types of cells used in this. theslly, lithium ion cell
degradation is discussed to further explain the function of proteciatengs on positive
electrode materials. Chapter 3 discusses the experimeotaldpires used in this thesis.
This includes electrolyte preparation, pouch cell preparation, edectmaterials
preparation, electrode fabrication, coin cell fabrication,tedebemical testing procedures
and other characterization methods. Chapter 4 presents the proagssmting the
fabrication of full coin cells and Chapter 5 discusses the resfulte study of the coated
materials. The materials were studied using scanning elatiroscopy (SEM), x-ray
photoelectron spectroscopy (XPS), solid state nuclear magnetitaree spectroscopy

1



(ssNMR), and finally evaluated using the full coin cell procem®m fChapter 4. Chapter 6
presents the conclusions and makes suggestions for future work.

The work presented in Chapter 4spreviously published in a peer-reviewed journal
article: V. Murray, D. S. Hall, and J. R. Dahn, J. Electrochem. S5, A329DA333
(2019). doi: 10.1149/2.1171902jes. The article was published as an operasiiciessnd
therefore no license agreement is required to reproduce thisysivpublished work.

The work presented in Chapter 5 was submitted to Teslapfmowal to publish in

December 2018. Approval has not yet occurred but is expected soon.



CHAPTER 2 LITHIUM ION BATTERIES

2.1 LITHIUM ION CELLS

Batteries are a combination of two or more electrochenuebl$ that convert
chemical potential into electrical potential through redox reastiThere are two classes
of batteries, primary batteries which are not rechargeahtksecondary batteries, which
are. Lithium ion batteries (LIB) belong to the secondary cladsaae comprised of many
lithium ion cells connected in series and parallel. During digehaf acell, lithium ions
move spontaneously from the negative electrode to the positive eledtrodght the
electrolyte while the corresponding electrons move through the extexnat,groducing
electrical energy During charge of aell electrical energy is applied to move the lithium
ions and electrona the opposite direction.

A lithium-ion cell is composed of four main components. A positivetelde, a
negative electroden electrolyte, and a separator, as shown in Figure 2.1. Theobjex
allows the lithium iongo move between electrodes, while the electrodes are layered
materals that allow for the reversible insertion or removal ofuihiionsbetween layers.

This is called intercalation or deintercalation, respegctivel
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Figure 2.1: Schematic of a lithium ion cell during charge and discharge

During discharge of the battery, spontaneous redox reactions result in lithium ions
deintercalating from the negative electrode, traveling through the electrolyte and
intercalating into the positive electrode. The separator in the battery allows the lithium ions
to pass through but blocks the passage of electrons. This forces the electrons to travel
through the external circuit, creating a current as shown in Figure 2.1. During charging of

the battery, the lithium ions move in the opposite direction. They deintercalate from the



positive electrode and intercalate into the negative electrduleisinot spontaneous and
requires electrical energy to be applied to the cell duringyael@ The following equations
outline the redox reactions that occur during charge and discharge asitige and
negative electrodes. The equations proceed in the forward directiog discharge and
the reverse during charge. In Equation 1, during discharge, lithiuoxidszed and
deintercalates from graphited)CIn Equation 2, during discharge, lithium is reduced and

intercalates into the lithium transition metal oxide (LibJO

yLixyCe! yCs + XLi*+ xe [1]

Li1MO2+ xLi* +xe!  LiMO> 2]

Three important terms used in describing LIBs are voltage, itgpand Crate
As lithium ions move through the cell, the potentials of the positidenagative electrodes,
with respect to a fixed potential like Lifl,ichange. Voltage is a potential difference so the
voltage of a full cell is the difference in potential of the pesitind negative electrodes
and changes during charge and discharge. A cell is at its highesgjevaithen fully
charged. The capacity of a cell, measured in Ah or mAh lasve to the number of
electrons that move throughout the cell. Because this is egbhaltoamber of lithium ions
that move between electrodes, anything that decreases the amountablealithium in
the cell decreases the available capacity of the cell. $peapacity is similar except it is
measured in mAh per gram of active material in an electrode. dlldws for direct
comparison of performance of electrode materials on a gravinbetsis. C-ate refers to

the current at which a cell is cycled. It is the capacityhefdell in mAh divided by the



number of hours it would take for the cell to be charged or dischargexlCirates are
typically used when cycling cells, a lower C-rate for the foromatiycle (here C/5 or C/10)
and then a slightly higher rate is used for cycling (here C/3 or &&)yan example, if a
C/3 current is selected it will take 3 hours for a cell sxlkarge and 3 hours for a cell to

charge.

2.2 LITHIUM ION CELL COMPONENTS

2.2.1 Positive Electrode Materials

Positive electrodes typically contain three ingredients. A bindech as
polyvinylidene difluoride (PVDF), which helps the electrode matea@here to the
aluminum current collector, a conductive agent, such as carbon black, evifiances the
conductivity of electrode, and the active material. The activéenmd comprises
approximately 92 B 96% of the electrode although the exact compositiovaryaylhe
active material is typically a lithium transition metal oxid&O>. The most common
structure is a layered structure that allows for inteticadaof lithium ionsin between
layers. Spinel and olivine structures are other alternafives

The first LIBs produced used LiCaChowever due to rising costs and supply issues
with cobalt, a mixture of transition metals has become a poptéanative to using only
cobalt as the transition metat. Of the current commonly used materials, the two that
are used in this thesis al&NioeMno2C202 (NMC622) and LiNio.sCa.15Al0.502

(NCA801505).



2.2.2 Negative Electrode Materials

Negative electrodes are typically made of graphite. Graphatéaigered structure
consisting of layers of graphene sheets in parallel alignment. ithiuen ionsreversibly
intercalate between the sheets. There are two types of grapditeal graphite and
artificial or synthetic graphite, used in this thegis.important factor in performance of
graphite is the degree of turbostratic misalignmpriigtween adjacent graphene layers
This refers to the degree that the layers are arrangegitindicating that every sheet is
misaligned andp=0 indicating that the probability of finding two adjacent sheets
misaligned drops to 0. Natural graphite has a low degree of trabognisalignment
whereas artificial graphite needs to be pyrolyzed (heated to higietatare under inert

gas) to reduce the degree of misalignment and improve perforthaticé

2.2.3 Electrolyte

Electrolytes have two main components, a salt, which is usudli,Ldissolved
in what is typically a mixture of organic solvents. A large amountesearch into
advancing LIB technology is focused on the electrolyte, and small chaangyésee large
impacts on performance. Often additives are used that are fevy@ercent by weight of
the electrolyte solution but can greatly impact cell performamck liéetime. A well
performing electrolyte should be conductive and therefore have a high ritetectstant,
have low viscosity, be useful in a wide range of temperaturesharelgood stability at

the operating voltages of both electrodés



2.2.4 Separator

The separator acts to prevent contact between the positive and@etgtirodes,
which would result in a short circuit. lons can pass through the sepaoavever electrons
cannot and are therefore forced to follow the external circhi. Separator also acts as a
safety mechanism. In the case of thermal runaway, the sepaititmelt preventing ion
transfer. Separators are typically made of polyethylene, polypropyleaeombinatioh
Two types are used in this thesis, Celgard 2320 thin film polypropylemeparous films

(Celgard) and Polypropylene Blown Micro Fib&MF) separator (3M).

2.2.5 Cell Types

There are several types of LIB construction used in industry aedneh. The two
types used in this thesis are pouch cells and coin cells. A poudiasdlie same general
construction as another popular type, the cylindrical cell. In boths dd&e positive
electrode, negative electrode, and separator are wound togeth@jeityaollO. The main
difference is the casing which is either a pouch bageialcan respectively. In both cases
the positive and negative electrodes are double sided to maximizenthmtaof active
material in the cell. When studying new electrolyte formulatioredditives, pouch cells
are usually used in our laboratory. They are machine manufactutedye batches and
just need to be filled with the electrolyte in question to be usel@atrechemical testing.
Further details on this process are given in ChaptrPouch cells, however, are not
practical to use when studying new electrode materials. Asatieaypachine manufactured
in large batches there is a large upfront cost to making oneswi#w electrode material.

Coin cells are more often used in investigating new electroderiadat There are two



variations of coin cells, half coin cells and full coin cells,hbot which are discussed
further in Chapter 3. In both cases, the positive electrodeds imaa laboratory and the
coin cell is manually constructed in a glove box. As these are halednmsiead of machine
manufactured there is inherently more variation between cellsveovleey are the best
option when studying new electrode materials. Chapter 4 of this thdkipresent an

optimized method of producing reliable full coin cells.

2.3 LITHIUM ION CELL DEGRADATION
As LIBs age their components degrade. Primarily this is a resuleactions
between the electrolyte and either the positive or negative eleciradesuch instances

are discussed in this section

2.3.1 Solid Electrolyte Interphase (SEI)

The SEl is essential to the performance of a LIB. Itiséd by the products of a
parasitic reaction between the electrolyte and electrode rémieca passivating layer on
the electrode surface. This layer allows lithium itmsnove through but hinders and
hopefully prevents further reactions between the electrode and elettdIThe SEI layer
forms primarily on the first cycle, which is why it is oftefieneed to as the formation cycle.
The SEI layer does continue to grow as the cell is cycled, howesgrowth is
approximately proportional tdifne)'’?, so the rate slows with time as does the amount of
lithium ionsconsumed by formation of the layérContinual growth of the layer will
continue to reduce the amount of available lithium i@ngd will contribute to further

degradation of the céfi



2.3.2 Preventative Protective Coatings

The primary focus of this thesis, found in Chapter 5, presestisdy of the use of
a protective coating on the positive electrode to prevent severaldadign processes that
can occur at high potential including transition metal dissoltif8#' oxygen los&2324
and reactions between the positive electrode and the electtélyfEhese processes can
consume lithium iongr electrolyte and therefore reduce the available capacity oéthe c
Furthermore, they also create increased cell impedance dhe ®vér-thickening SEI
layers. If these reactions can be prevented or at least sttwadthen the lifetime of the
cell can be extended while also allowing it to be operated at higltages.

The benefits of several inorganic coatings have been previously igatest
inC|Uding Mg(??’ Ti0228’29, SiOst’sl, lezro 32, and Ab0333’34’35’36’37’38’39’40’41’42’43’44. The
most common method of depositing the coating on positive electro@eiaigts through
a wet chemistry method which can vary in details and precurs@d &3 a general
guideline to the procedure is outlined here. Typically the powered y@stectrode
materials are added to a solution that includes the Al precursatlyua soluble aluminum
salt or alkoxide dissolved in a solvent. The ratio between Al precursors and positive
electrode material is selected to produce a final weight pera&o of the coating. The
solution is stirred at room temperature for 0-6 hours and theedstat 80;C for an
additional 12-48 hours to evaporate the solvent from the solution. Thenregnaiixture
is then dried under vacuum for 4 hoti#8*®. These methods are generally easy to scale up

and cost efficient, however they can produce thick, uneven co&fifitfs Another

10



drawback of the wet chemistry methods is that they can result initaal decrease in
capacity by drawing Li from the bulk matefal

An alternative method of depositing the coating is to use atomic depersition
(ALD). Riley et al* studied the effect of coating thickness of ALD @4 on
LiNi 1sMn13C01302, comparing uncoated material to that with 2, 4, 6, 8 or 10 layers of
ALD Al >0z coating. They found the only thickness to perform worse than the udcoate
material was that with 10 layers of ALD and that the besopming coating thickness was
2 layers of ALD (or approximately 4). This suggests that thinner surface coatings
generally result in better performing cells. It has also beenrstizat the ALD method of
depositing coatings produces an extremely precise, even and ultegtéiid. IAlthough
ALD has traditionally been prohibitively expenstv&434647 recently the costs associated
with ALD have decreased, possibly making it a viable alternatitbetdraditional wet

chemistry methods.

During the ALD process, the coating is applied in layers andeaith layer applied
there are several steps. A gaseous precursor is pumped into aichaddrevacuum. The
gaseous precursor then reacts with the substrate surfacengraathonolayer on the
surface. To remove any unwanted biproducts or unreacted precurshiathber is then
purged with an inert gas. These two steps are then repeatedgagbaus counter-reactant
precursor. This results in one layer of coating and can be reEsatetessats;

When depositing ADs ALD films, the precursors are trimethylaluminum (TMA)

and HO. The overall reaction for the depositionfd$Osis:

11



2A1(CHs)s + 3H,0 — ALOs+ 6CHy [3]

For each layer of growth each precursor (TMA and H>O) is exposed to the substrate

in two separate half reactions. The reactions responsible for growth are listed below in

equations 4 and 5.

AIOH" + Al(CH3); — AIO-AI(CH3)" + CHa [4]
AlO-Al(CH3)" + H20 — AIO-Al-OH" + CH4 [5]

Here the asterisks indicate a surface species*?%3152:3342. Each layer is applied by

alternating the two reactions and therefore the amount of layers, or thickness of coating,

can be controlled. A diagram of this can be found below in Figure 2.2.

(1) (2) (3)
H HH H
CH, CH,CH, CH, d &d &
| N/ [ I N7 |

H H H H H AlCHy), Al Al Al +CH, H,0 Al Al Al +cH,

I 11 1 | /\ | /\ /\ |1 /Z\

O OO 0O O OO0 O O O OO0 O

I T T T T I I T |

Figure 2.2: Schematic of one layer of Al2O3 ALD according the reactions given above.
Before step 2, and in between every subsequent step, the chamber is flushed with an inert
gas to remove reaction byproducts and unreacted precursor (not shown)*°.

Previous research on coatings deposited using wet chemistry methods have found
that after coating the positive electrode material, annealing the sample improves

performance of the resulting cells*>*3. While in principle it is possible that the Al,Os in the

12



coating could react with Li in the positive electrode materials as shown in the phase

diagram in Figure 2.3, it is suggested in this work that the AI** from the coating diffuses

into the positive electrode material.
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Figure 2.3: Phase diagram of Li-Al-O system. Figure from a 2013 by Chi et al.*,
reproduced with permission from The Journal of Materials Chemistry and Physics, 143,
1338-1343 (2014). Copyright 2013, Elsevier B.V.

In Chapter 5 the results of characterization and electrochemical testing on ALD ALO3
coatings on both LiNiosMno.2C00202 (NMC622) and LiNiosCoo.15Alo.502 (NCA801505)

will be presented. The effects of annealing temperature and coating thickness will be

discussed.
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CHAPTER 3 EXPERIMENTAL METHODS

3.1POUCH CELL PREPARATION

Machine-made pouch cells used in this thesis were 240 mAh NMC6RBRigra
402035-size cells obtained dry (no electrolyte) from Li-Fun Technology(Zwzhou
City, China). The pouch cells were vacuum sealed, without elgety in a dry room in
China and then shipped to Canada for our use. The NMC622 material wed with
Al 203z, (not using ALD, but the exact method is unknown taansl)is called ONMC622A0
in the paper by Jing Li et al, where extensive tests in ftihh. pouch cells are reporteéd
The positive electrodes had a mass loading of 21.3 mgfaththe coating was pressed to
a density of 3.3 g/ctn The electrode formulation was 96% active material, 2% PVDF
binder and 2% Super S carbon black conducting diluent by weight. Sudbctnode
formulation is similar to those promoted by Marks &t @&he graphite (AML-400 grade
from Kaijin, China) negative electrodes had a loading of 13.2 nfgdochthe coating was
pressed to a density of 1.55 gfcifihe electrode formulation was 96% active material, 2%
CMC/SBR binder and 2% Super S carbon black conducting diluent by weight.

The pouch cellsnvere filled with 1.0 = 0.02 g of electrolyte solution, sealed
at-90 kPa gauge pressure using a compact vacuum sealer (MSK-115ACdvpl) and
immediately held at 1.5 V at room temperature (21 B 25;C) to prevemsion of the
copper current collector during the ~24 h wetting period that folloWetls were then
loaded into temperature-controlled boxes (30.0 + 0.1;C) and connected twarMa00
Series automated test system (Maccor Inc.). Because gastifomwas expected to occur
during formation, the pouch cells were clamped using soft rubbabg¢att 25 kPa gauge

pressure), which has previously been observed to significantly imgrevexperimental
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precisiot®. Following the first full cycle (i.e., the formation cytleetween 2.8 8.3 V
and at ~C/10, cells were charged to 3.8 V and stopped. Cak#saut open in an argon-
atmosphere glove box and vacuum sealed again in order to remove thedgasg@during

formation. Finally, cells were taken for cycling testing.

3.2ELECTRODE MATERIALS PREPARATION

Multiple samples of positive electrode materials were redefvem the Forge
Nano Company (1172 W Century Dr, Louisville, CO 80027). These included several
variations of two positive electrode materials, NMC622 and NCA801505.e&ohn
positive electrode material, an uncoated, pristine, sample ecasved to be used as a
reference. Additionally, for both NMC622 and NCA801505, two separatengoat
thicknesses were received. The coatings wee®Adeposited using ALD through a
proprietary method resulting in two different thicknessesa Assult the exact thicknesses
are unknown, however it is known that they are on the order of nanoraetktisat one is
relatively thicker than the other. Therefore, there are six diffesantple categories, a
pristine, a thick-coated, and a thin-coated sample for each dfvthpositive electrode
materials, NMC622 and NCA801505. Samples from each of the fowtcoetterials we
then heat treated, in air, to temperatures ranging from 4009Q04C for one hour. Once
the samples had cooled to 400;C they were moved into glass fateddswith parafilm

wax and used immediately after opening to minimize contact witmdimoisture.
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3.3ELECTRODE FABRICATION

Two different methods of preparing electrodes for full coin cedisevused in this
thesis. The first method described was used to evaluate theuctiostrof full coin cells
and used materials from machine made pouch cells. The secohodnugtscribed was
used to evaluate the electrochemical performance of the ALDdcpatgtive electrode
materials and used positive electrodes made from these nsatemabined with machine
made negative electrodes. All electrodes were punched with atédiaaf 1.27 cm.

In order to evaluate and optimize the construction method of fulcedisy machine
made electrodes were used to eliminate the possibility of variahesd made electrodes.
Positive and negative electrodes were punched from the single sgied o¢ unwound
pouch cells described above. The electrodes were punched in air aritbdbeth under
vacuum in a glovebox antechamber overnight at 110;C before being transferrdteinto
glove box.

To evaluate the electrochemical performance of the ALD dqgadsitive electrode
materials, electrodes were prepared from these matenidlthan used to form full coin
cells. The positive electrodes made from Forge Nano materials wede mnsing the
formulation promoted by Marks at® Positive electrodes were made by depositing a slurry
containing 92% active material, 4% Super-S carbon black, 4% Polyvinglidéuoride
binder (PVDF), and mixed with N-methyl 2-pyrrolidone (NMP) spread orAkfoll
current collector with a 278m notch bar. The electrodes were then dried in an oven at
110;C for 12 hours before being calendared at a pressure of 2000 atmodeleatvee
punched and then heated under vacuum at 110;C for 14 hours before being tramgterred i

the glove box. The positive electrodes have an average loading of 152mg/cm
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3.6 XRAY PHOTOELECTRON MICROSCOPY

Material samples were stored in an argon atmosphere glove box. Samgpée
removed from the glove box and pressed onto double-sided copper tape (3w €,),
before being transferred into the XPS system. Care was tiakeimimize exposure to air
such that the total time between removal from the glove box untilngaulio the vacuum
chamber of the XPS system wW&40 minutes. Samples were left under ultra-high vacuum
overnight before being transferred into the analysis chamber ofRBewhich had a base
pressure of 1€ mbar and was maintained below&2.0° mbar during the experiments.
Analysis was performed with a SPECS spectrometer equipped wirhodos 150
hemispherical analyser, using unmonochromatized Mgddiation, and a pass energy of
20 eV. Preliminary and final survey scans were compared to ehsitimgot photochemical
degradation was induced during analysis. Data analysis was done usaxdgPSaoftware
(v. 2.3.18). Measured binding energies were adjusted to correct fopuildup of
electrostatic charge by fitting the adventitious carbon peak and s&dticenter to 285.0

eVv.

3.7SOLID-STATE NUCLEAR MAG NETIC RESONANCE SPECTROSCOPY

The 27AI magic angle spinning (MAS) solid-state NMR spectra &eggiired on
a Bruker Avance (16.4 T) spectrometer with Larmor frequency of 184H86. The
chemical shift scale was referenced externally to potassium, AI(SQs)2(12H.0, at
0.033 ppm as the secondary reference. The spectra were acquixeitdijoe with a 1.2
ks pulse at 95 kHz rf field strength, adding 131,072 scans with Olaysdé&amples were

spun at 25.0 kHz about the magic angle, in rotors of 2.5 mm diamBterfinal spectra
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are shown after subtraction of the carefully phased and intengiistadsignal (see Figure
A.1) from the empty rotor and a spline baseline correctioneSims procedure does not
give good results for the center region, where background and sample sigtéap, this
region is disregarded for the analysis and blanked out for the overviesirplttis work
(Figure 5.3). Only the spinning sideband manifold, which does not ovevldp
background signal, is evaluated. Full spectra and the procedure aretquese the

supplemental material (Figures A.1-A.2)

3.8ELECTROCHEMICAL TESTING

All cells used in this thesis, both pouch cells and coin cellse wyecled under the same
conditions. The electrolyte used was composed ofLiRWs (Capchem, Shenzhen, China
I 99.9%) in a 1:1 solvent blend, by mass, of ethylene carbonate (HiCheba,
< 20 ppm HO) and diethyl carbonate (DEC, Capchem, < 20 pp®)H1%, by mass, of
the electrolyte additive LiP&. (Capchem) was added to the solutions prior to cell
construction/filling%1112.13.14 Cellswere cycledn temperature-controlled boxes (30.0 +
0.1;C) between 3.0 to 4.3 V using a Maccor 4000 Series autonesteslystem (Maccor
Inc., USA). Cells were cycled with either a C/5 formatigule followed by C/3 cycling
or a C/10 formation cycle followed by C/5 cycling. After cycling soohehe coincells
were disassembled to check for electrode alignment issueptexpdhin observed testing

behavior.

20



CHAPTER 4 FULL CELLS

In order to evaluate the performance of new positive electrodeiatstéhey need to
be made into LIBs for prolonged testing. Machine-made, commergailiyuced pouch
cells provide very reproducible data, making them ideal for comparataarolyte
development and performance evaluations with fixed positive and negatsteode
material§®°96061 However, these cells are produced in large batches which require
significant resources. It is therefore impractical to oateentire run of commercial cells
to test every new possible electrode material. Rather, neerialatare usually evaluated
by constructing coin cells made with hand-made electrodes. Mostrecedabs use half
cells, with the new material as the positive electrode aneéee @f lithium foil as the
negative.

Half coin cells are relatively easy to make and can providerepgatable data. Yet
they can fail to accurately predict how a material would perfaramiactual full cell. This
is primarily because half cells have an abundance of lithium, wdainhmask problems
with side reactions that use up available lithium. Thus, a hllhzee with a certain
positive electrode material might provide favorable results wheactuality a full cell
made with the same material might perform poorly. Additionatlys impossible to
determine the effect of interactions between positive and negdéoodes that would
result ina full Li-ion cell from data on half celf$3. In order to accurately predict the
performance of new electrode materials in Li-ion batteriegthod to make accurate and

repeatable full coin cells would be valuable.
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This chapter develops methods to prepare full coin cells, using grapltite negative
electrode material that allow for quality full coin cellshwgood reproducibility between

cells to be made.

4.1 FABRICATING FULL COIN CELLS USING TRADITIONAL MET HODS

The first step of this thesis was to build full coin cells foilogvconventional half cell
design. When preparing conventional half cells, a piece of Li meiftaisfused as the
negative electrode. The Li foil disk is usually larger than the wigrikegative electrode or
positive electrode. This allows for a much larger margin of émratignment of electrode
disks. However, when making full cells it is optimal to usatp@sand negative electrode
disks with the same si%e Therefore, this work utilized positive and negative electrode
disks with equal diameter. Otherwise, the initial design andrddgenethod was the same
as for half coin cells. Many repeat full coin cells were nmautetaken for prolonged cycling
tests in order to determine the reproducibility of full coin céilse discharge capacity vs.
cycle number is shown for three representative cells in Figureh&ae cells were made
with the configuration shown in Figure 3.1a, and cycled at C/3 wiith &o@mnation cycle.
Figure 4.1a shows that there was considerable variation betweeslitheln order to
consider the cause of this variance, these cells were moved iatgan-atmosphere glove
box, taken apart, and photographed (Figure 4.1b). It was observed tipaisitiee and
negative electrodes were not exactly aligned in cells Il andsllindicated by the red
circles in the figure, which outline the position of the positiextebde disks underneath
the separators. This misalignment is shown clearly in the madymfigges of cells Il and

[Il'in Figure 4.1c.
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Figure 4.1 Three identical cells I, II, 11l (a) Discharge specifapacity vs. cycle number,
(b) Photographs of disassembled cells with red circle showing posifigoositive
electrode, (c) Magnified photos of cells Il and Ill. The greeavesrin (c) show evidence
of Li plating where the positive electrode is not in alignmenk whe negative electrode.
All cells were cycled at 30;C from 3 to 4.3 V at C/3 with /& @rmation cycle.

It was further observed that lithium plating occurred in thesavdzere the positive
electrode was not covered by the negative electrode. It ikn@hn that plating decreases
the available lithium inventory and therefore reduces the avaitabplecity of the celt!8,
The practical result is that of the three Oidentical@loelis) in Figure 4.1, cell | retained
~95% of its initial capacity after 100 cycles, cell Il ratd ~90%, and cell Il retained just
~80%. This capacity loss follows a direct relationship with ékent of the electrode
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misalignment for these three cells. Considering the size of #lestrode disks and that
even a very minor misalignment can result in such significant peafurenlosses, this

assembly method is clearly unsuitable for comparative electrotiiaidesting.

4.2 MISALIGNMENT IN TRADITIONAL FULL CELLS

The low precision of the first full coin cells is here difiied to electrode disk
misalignment. It was therefore considered what causes this and hay be mitigated
or, ideally, prevented altogether. Following extensive trial arat,at was concluded that
the misalignment occurs when the spring and spacer are placed onf th® o
electrode/separator stack. Typically, the assembly of such iselfgerformed using
tweezers. When using this approach, the spring and spacer arehetthé side, resulting
in them being dropped from a slight angle. Even this small drop is enouglige the
misalignment that significantly decreased the cell performancelisfil and Il in Figure
4.1. To prevent this problem several cells were made using e ganstruction but a
vacuum pen was used to place the spring and spacer in the cell. Thenyaen used can
be seen in Figure 3.2. This simple modification of the method atldiae spring and spacer
to be placed from directly above. In Figure 4.2 a significant avgment in cell
performance can be seen between B cells (green diamonds) niatleewise of a vacuum
pen and A cells (black circles) made with the conventional constnuétdditionally, for
these B cells, cycling was slowed to C/10 for formation andf@/®ycling to further

reduce Li plating.
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Figure 4.2 Normalized capacity vs. cycle cumber for cells of type A (blackes) using
the standard method of coin cell fabrication and B (green diamonts)ive use of a
vacuum pen. A cells were cycled at C/3 with a C/5 foromatiycle. B cells were cycled a
C/5 with a C/10 formation cycle. All cells were cycled at 3@@n 3 to 4.3 V.

4.3 EFFECT OF CHANGING SEPARATOR

Cells constructed with the aid of a vacuum pen showed significant impeons
in performance and repeatability, however they were still not will@rdesired precision
limits for high quality electrode material comparisons. It wag censidered what role the
use of two Celgard separators had. When a cell is crimped it bscsiightly curved.
When this happens in a half cell, the pliable Li foil bends witrcétle maintaining contact
and pressure throughout the cell. However, when making full celisetpative electrode
disk is not as compliant and so it was considered whether thereingasn pressure
throughout the cell. BMF separators are thicker and more conipeeslsan Celgard
separators, which was hypothesized to help more evenly maintain pr@sdull coin
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cells. Figure 4.3 shows a comparison of repeat cells using éitheCelgard separators
versus one BMF separator. The results show that the use of a BN separator

significantly increased the reproducibility of triplicate full caells (Figure 4.3b).

Figure 4.3 (a) Cells made with two Celgard separators, compared to l(p)ncade with
one BMF separator. Cells were cycled at 30;C from 3 to 48&/5 with a C/10 formation
cycle.

4.4 COMPARING FULL COIN CELLS WITH COMMERCIALLY PRODUC ED
POUCH CELLS

Finally, the cycling behavior of full coin cells that were prepawith electrodes of
equal diameter, a single BMF separator, and assembled usinguarnvpen (Figure 4.4b)
was compared to the performance of machine-made pouch cells (FigayeCells were
prepared with the same electrolyte and under identical conditionboffocell types there

are two datasets: i) Electrochemical tests performedntewthat were stopped after 100
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cycles (A, C) and ii) electrochemical tests performedummer and stopped after 200
cycles (B, D). This second set of testing was performed in sumvhen the outside
temperature rose such that the temperature-controlled environmenstighly above the
30;jC set point. These temperature variations are seen in théutter, demonstrating the
importance of controlling every aspect of these experiments. Noasshéhe results show
that the full coin cells have dramatically superior precision tha first batch, which was
shown in Figure 4.1. The reproducibility of these cells is here prdgodee sufficient for
comparative materials testing, with the significant advantagescomeentional half coin

cell designs.

Figure 4.4NMC 622A/Graphite cells (a) pouch cells, (b) full coin cellsad C represent
repeats of pouch and full coin cells respectively that were cycléagdine winter for 100
cycles. B represents repeats of pouch cells that were cycled the fall and D represents
repeats of full coin cells that were cycled during the sumBiand D were cycled for 200
cycles. All cells were cycled at 30;C from 3 to 4.3 V at Cithwa C/10 formation cycle.
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4.5 USING FULL COIN CELLS TO STUDY POSITIVE ELECTRODE
MATERIALS

The results of the study into how to make reliable, reproduciblecfuti cells
indicate that while it is slightly more challenging than full coiltsgevith care they can be
made to a satisfying degree. The next chapter, Chapter 5, willissaethod to evaluate

the ALD Al>Os coatings on both NMC and NCA positive electrode materials.
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CHAPTER 5 COATINGS

This chapter will examine what happens to ALD.@d coatings on both
LiNi 0.6Mno.2C.202 (NMC622) and LiN.eCao.15Al0.502 (NCA8155) during annealing to
various temperatures and how this affects the electrochemidalrmance of full coin
cells. The effects of heat treatment are examined for sarapteealed in the temperature
range of 400;C to 900;C, as well as the effect of two coating thiskse3 he results from
both characterization and electrochemical testing will be prms$entThis chapter
summarizes work in the article: ODiffusion of*Alons from Atomic Layer Deposited
Al,03 Surface Catings into Positive Electrode Materials and the Effects Th©rduyf
Vivian Murray, David Hall Leah Ellis Ulrike Werner-Zwanziger, Jing LI,G. Hill, and
J.R. Dahn which has been submitted to Tesla for approval for publicfibmade the
samples, assisted with data collection and wrote parts ofahasuoript of the paper. Leah
Ellis did the XPS measurements and assisted with data an&Nisié/erner-Zwanziger
did the ssNMR measurements and assisted with their interpretBtavid Hall and Jeff

Dahn assisted with interpretation of data, experiment design anmbettiéd manuscript.

5.1 MATERIAL CHARACTERIZATION
5.1.1 Scanning Electron Microscopy

Figure 5.1 shows SEM images of the NCA materials. In Figufesand 5.1b, the
pristine material has clean, smooth surfaces with good crygtallFigures 5.1¢5.1d
5.1e, and 5.1f show SEM images of the NCA sample with the thinrapaind no heat
treatment, and after annealing to 600;C, respectively. These inmagjeate a dense

coating. The pattern visible in Figures 5.5cd, 5.1e and 5.1f possibly indicates the

29



coating is not entirely uniform. In Figuréslg and 5.1h, after being annealed to 900;C,
the sample shows no evidence of coating, suggesting all of the coatingemadiffused

into the bulk electrode material.

Figure 5.1: SEM images of (a, b) Pristine NCA801505, (c, d) NCA80Th0b Coating,
No Heat, (e, f) NCA801505 Thin Coating, 500;C, (g, h) NCA801505 Thin Coating, 900;C.

Figure5.2 shows the SEM images of the NMC materials, which followralasi
pattern to those of the NCA. The SEM reveals a dense coatindtanbdeang annealed to
900iC there is no more evidence of a coating, again suggesting the coatiegtinaly

diffused into the bulk.
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Figure 5.2: SEM images of (a, b) Pristine NMC622, (c, d) NMC622 Thinti@gaNo
Heat, (g, h) NMC622 Thin Coating, 500iC, (k, I) NMC622 Thin Coat®@;C, (e, f)
NMC622 Thick Coating, No Heat, (i, j) NMC622 Thick Coating, 500iC, (hMMC622
Thick Coating, 900

5.1.2 Solid State Nuclear Magnetic Resonance Spectroscopy
Due to the ultrathin nature of ALD coating, even with the thidaating on the
two samples, the limited amount of Al present in the coating matiallenging to detect
a signal using’Al ssNMR. A rotor synchronized Hahn-echo sequence was used by Han et
al3 to study the locat’Al environments in thicker ADs coatings on NMC materials.

Unfortunately, Hahn-echo excitation using various conditions did not produdeiestff
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2TAl NMR signal intensity in a reasonable amount of time fordhisroach to be useful for
our samples. Ultimately, the samples were analyzed using éxcit@ith a single pulse,
whose lengths were optimized to maximize the signals of 4-fold antt @&bordinated
27Al sites in AbOs to provide the greatest sigrtaHnoise ratio for our samples. An attempt
was made to remove the probe background signal via post-measurementisoluifdloe
spectrum acquired under similar conditions on an empty rotor, asatkin Figure A2.
While in general for sufficiently concentrated diamagnetic sesphis procedure is
successful, the samples studied here pose two problems: Finsthg, samples give a
different electronic response to the probe tuning and matching, doeirttparamagnetic
character, thereby preventing a characterization of the backgrapnad shder OidenticalO
conditions. Secondly, the intensity of the background signal from the gtats of the
probe head is significantly larger than the signal of the samplesdtily, we exploit the
fact that thee’Al NMR background spectrum does not contain sharp spinning sidebands,
in contrast to the spectra of the samples spinning at 25 kHzltismygh the center peak
is too distorted to be useful, by comparing the intensities of pirniag sideband
manifolds to the pristine sample, the relative amount of coatiegept after each heat

treatment may be determined (Fig5t8).
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Figure 5.3: Comparison of the 27Al NMR spinning side- band manifoldaropkes of
thick coated NMC622 samples with (a) No heat treatment (b) 40080 (d) 600;C
(e) 700;C (f) 900;C.

The?’Al ssSNMR spectra demonstrate that as the annealing tempédsanmeased,
the relative intensity of the sharp spinning sideband signal desyeadiating that the
aluminum nuclei leave the well-structured.®¢ coating environment. Most likely the
aluminum diffuses into the NMC core during heating. WHié ssSNMR signals have been
observed within NCA related materi#®’, the magnetic properties of the core NMC
material would cause heavily Knight-shifted and broadeiiatl NMR signals. These
require Hahn- or solid-echo techniques together with excitation frequésyyirgy for
detection and cannot be observed with the technique applied here. Asngwdira

temperature is increased, the amount of diffusion that occurrethatsased, leading to
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greater relative NMR signal intensity loss. Given that the madgevere all annealed for
the same amount of time, it can be concluded that the temperféate the diffusion rate.
At first, these findings appear contradictory to those of Harl..etvao observe 4-fold
coordinatec?’Al sites at around 69 ppm following heat treatment, which thegrass
LiAIO 2*°. However, this may be explained by the thickness of th@®sAdoatings. Han et
al., report the AlOs3 content was ~2 wt. %, which is an order of magnitude greaterfiban t
ALD-coated NMC in the present work (approx. 0.2%). It is therefasoreble that a
significant amount of LIAI@ can be formed under their conditions. For our samples,
especially the one heated to 400;C (Figure 3b),’tA& sSNMR spectra may contain
spinning sidebands corresponding to LiAl€lgnals, but their intensities fall within the
noise level. Zhou et al. have clearly shown that Al can bepocated within the structure
of NMC so it is natural to expect interdiffusion and littleaify LIAIO> formation in our

sample®’.

5.1.3 X-Ray Photoelectron Microscopy
Figure5.4 shows the results of XPS on the NMC samples. The Al 2p peakrappe

at 74.1 eV, as expected for.86°°. The area under the peaks reflect the amount 29sAl
coating present within each sample. In Figure 5.4a, in the NMKghmaples, this remains
relatively constant following annealing up to 600jC. For the samplermistannealed at
700iC, the Al 2p peak intensity is noticeably decreased. The Al 2p piegisity shows a
further decrease in the sample heated to 800;C and is no longet préserXPS spectrum
collected from the sample annealed at 900;C. Rather, the speetsembles that of the

pristine (i.e., uncoated) material. The relative intensitlgfeaks discussed are based on
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peak area calculations. These results are generally consigtethevssNMR finding that
during annealing, Al diffuses into the NMC material. However, thettesnperature is
apparently different (discussed further below). A similar tresd loe seen for the thin-
coated NMC material (Figure 5.4b), however the Al 2p peak irtehsgins to decrease

after only 600;C.

Figure 5.4: XPS results of NMC622 samples of (a) thick coated antiifbgoated. Al
peak decreases with heat treatment after 700jC for the thidkgaaitd 600;C for the thin
coating.
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Figure 5.5 shows XPS analysis of the NCA samples. Both thick amaA\HDs-
coated samples follow the same trend as the NMC materiglsré¢fs.4), with the NCA
thick samples (Figur.5a) showing a decrease in the Al peak intensity after annealing at

700jC and the thin samples (Fig&éb) after annealing at 600;C.

Figure 5.5: XPS results of NCA801505 samples of (a) thick coate(batidn coated. Al
peak decreases with heat treatment after 700jC for the thitkgaad 600;C for the thin
coating.
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5.2 CHARACTERIZATION SUMMARY

The results of the XPS aAtAl MAS ssNMR on the NMC samples are summarized
in Figure5.6. Here the amount of AD3 coating present in each sample after being heat
treated is calculated relative to the amount present in the unheatgtes&rom these
results the following models are proposed. In Figure 5.7a diffusionecthicker A}Os
coating into the NMC patrticle is shown. In the diagram the NM@gbats shown in the
center in blue. The coating is shown outside in green. As thexgdsgins to diffuse into
the NMC particle, the interdiffusion region is shown in beige. Fiduré depicts the
proposed diffusion of the thinner coating. It is important to note 8NIM& measures
signal from the entire material, provided the signal is not supmdss magnetic effects
(as is proposed fafAl that has diffused into the NMC core material). In confithst depth
of analysis of XPS measurements are limited to the verycgudiza sample, according to
the inelastic mean free path of the photoelectfdhsFor this reason, the approximate
depth of the XPS measurements is depicted in Fi§ufe This important distinction
between the two techniques fully rationalizes the differencéirelative intensity losses
summarized in Figure 5.6. Due to the®d coatings being thicker than the measurement
depth of XPS, samples must be annealed to 600;C and 700;C for the timig emal thick
coatings, respectively, before the diffusion is observable by XP&uBessNMR is not
limited to surface measurement, the diffusion is detected inatedgi which in these

materials is following annealing at just 400;C.
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Figure 5.6: Intensity of Al peak present after being annealetiveeta as-coated sample
of NMC622 samples as measured by XPS for thick coating (black &jeanad thin coating
(greencircle) or by 27Al NMR of thick coating (blue square
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5.3 ELECTROCHEMICAL TESTING RESULTS

Electrochemical testing was performed using full coin cellsetecsed samples of
the thicker coated NMC and NCA. For the NMC, full cells waaae from(i) the pristine
material,(ii) coating with no heat treatmef(iti) coating annealed to 600;C and (iv) coated
annealed to 900;C. NCA full cells were also made fronfi)naristine material(ii) coating
with no heat treatment, an(di) coating annealed to 600;C. However, a problem was
encountered during attempts to make electrodes from the matenedlad at 900;C.
When this sample was added to the slurry mixture to make electredessulting slurry
was not suitable to make electrodes. The slurry was much mewmsithan normal and
the resultant electrode was flaky and unusable. Several attemygsnade with altering
the slurry recipe with no improvement. The same problem was encedimigh the sample
annealed to 800;C so the sample annealed to 700;C was used as themipper li

In Figure 5.8a, the results of cycling of full coin cells made fioedNCA materials
areshown. The coated, 700jC cells perform the worst and close behinétadhe cells
made from coated materials that were not annealed. The pristiceated material
performed the best and the coated 600;C cells performed symildnis is in contrast to
numerous literature reports that show that ALD coated matendfgerform uncoated
material443°07273 This may mean that in the presence of the highly effectiv©ib,
electrolyte additive that the impact of the coating is minifrial

In Figure 5.8b, there is a similar trend in the cells made fRMC materials.
However, none of the full cells made from Forge Nano materiaferpe comparably to
the full coin cells shown in Figure 5.8c. These cells wergenfilom positive and negative

electrodes punched from the commercial NMC622A/graphite pouch ndltsyaled under
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the same conditions. The superior performance of the cells made dommercial
electrodes may be due to the possible superior quality of the comimelemrodes

compared to the electrodes made at Dalhousie University.

Figure 5.8: Normalized capacity vs. cycle number (a) full coills ceade from
NCA801505 pristine, as-coated or coated and annealed as the positivetifacidl ar
graphite for the negative, (b) full coin cells made from NMC622tipgs as-coated or
coated and annealed as the positive and artificial graphite foegjaive and (c) Full coin
cells made with electrodes punched from commercial NMC622A/grapbiteh cells for
comparison. All cells were cycled at 30;C between 3.0 to 4.3ingudaccor cyclers at
C/5 with a C/10 formation cycle. For each material at leastrepeats of each cell were

made.
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CHAPTER 6 CONCLUSIONS

6.1 Concluding Remarks

The development of new positive electrode materials is importddBimesearch to
improve energy density and increase lifetime of batteries. Ghdptef this work
demonstrates methods for the construction of full NMC/graphite coils. cBYy
constructing cells with positive and negative electrodes of equal @igmeth a single
BMF separator (rather than two thinner Celgard separatorsgpasttucting the cells with
a vacuum pen (rather than tweezers), coin cells were built suitable precision for
comparative electrode materials testing. Full coin cells Haesignificant advantage of
more accurately representing the relative performance of neéeriaia in actual lithium-
ion cells than conventional half coin cell constructions. The resultssofvork will benefit
the development and evaluation of new positive electrode materiake Wethods were
used in Chapter 5.3 of this work, to compare the electrochkepéctormance of the
positive electrode materials studied.

In Chapter 5 of this worlALD Al 2Oz-coated NMC and NCA materials were annealed
at temperatures in the range 400 D 900;C and characterizéal BgNMR and XPS. The
results demonstrate Al diffusion into the core electrode nahtdra temperature-dependent
rate. Differences between the ssSNMR and XPS results araimaglby the limited depth
of analysis of XPS and the results were used to make a scbhevhaturface-coating
diffusion.

As expected from ADs-coated materials that are prepared using conventional wet
chemical methods, heating ALD-coated materials is importantefectrochemical

performance. The results indicate that 600jC is ideal for the thimb@ted materials
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examined in this work. For both the NCA and NMC materials the 600at2tanaterial
performs as well as the uncoated material however none of teeatgaperform as well
as the coin cells made from commercial NMC622A electrodesatattdrom the pouch
cells. It is important to note that all the electrolytised in this work contained 1% by
weight of LIPQF,, a highly effective electrolyte additive, which may render thgaict of
coatings to be minimal, compared to electrolytes with no additivesonventional

additives like vinylene carbonate.

6.2 Future Work

The method of fabricating full coin cells presented in this wamlld be a very
useful approach for academic researchers. However while themanice of coin cells
made with electrodes punched from pouch cells was compared to ther@erée of pouch
cells, no experimentation was done to look at the performance of handfeattedes. In
order to use this method to directly compare new positive etectmaterials against
commercially made cells, the quality and performance of handmeckeoeles should be
studied. This could be accomplished by fabricating full coirsaeihde with handmade
electrodes of the same composition as those found in pouch cells amd) dyatin for
comparison. This would verify the quality of the handmade electrodes.

Many previous works have been published showing the benefit ob@s édating
on positive electrode performarf@&3536394143 Tqg investigate whether the impact of the
additive LIPO2F, can negate the benefits of the coating, these previous studies should be
redone withLiPO2F> as an additive to determine if this changes the results showing the

benefit of the coating.
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In the paper by Han et &, full coin cells were used to study the effect of asOAl
coating on NMC. The testing protocol used in this paper was momugthan the one
used in the current work. Han et al. cycled their full coirsdedtween 3 and 4.4V at C/10
for 4 cycles and then C/3 for 100 cycles. Unlike in the current work howése et al.
held their cells at 4.4V for 3 hours after each cycle. Tweikk shows an improvement in
the cycling performance for the coated materials that growesith cycle. It is possibl
that when using full coin cells, in order to see the benefit ottla¢éing a more rigorous
cycling protocol must be used.

Due to time limitations only some of the materials used ingiogect were made
into full coin cells for electrochemical testing. Previousesgch has suggested that thinner
Al;0Os3 coatings perform better than thicker coat#és*943. Only the thicker coated
materials were tested in this work but the effect of thektigss of the coating should also
be evaluated. The electrochemical testing should be performetheithinner coatings as

well.
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APPENDIXA SUPPLEMENTAL INFORMATION

Direct excitation of’Al nuclei is unsuitable for the analysis of many samples because
the sample signal is frequently convoluted with strong background sigoaistie rotor
and static probe head components. One approach is to use a Hahn-echiorexailse
sequence in order to minimize the background signals. However, feathgles in this
work, the Hahn-echo sequence had the unwanted result of also affectsignlefrom
the actual sample. Therefore, samples were measured vida dketation and the
background signal from the empty rotor and probe head components was manually
subtracted. This involved careful adjustment of the intensity, sut¢hthteasubtraction
mostly corrects for the electronic ringing that causes the hasaliling and gave as flat
as possible baselines. Additional baseline rolls were removed Ime djiting. This
procedure is illustrated for the as-receivedOAtcoated NMC material in Figut®.1. The
resulting spectra for all samples are shown in Figu2elt can be seen that the background
subtraction is imperfect near the center of the spectra, makisgegion unreliable.
However, the spinning sidebands are nonetheless useful for perfornalygis on the

Al>Os coatings.
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Figure A.x 27Al MAS ssNMR spectra of a) as-received@d-coated NMC622, b)
background signal of the empty rotor and probe head components, and c) difference
between spectrum (a) and spectrum (b) . The intensity of the backgsmmad was
adjusted to give as flat a baseline as possible.
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Figure A.2 Background-corrected 27Al ssNMR spectra ofzdcoated NMC622
material a) aseceived and annealed at b) 400;C, c) 500iC, d) 600;C, e) 700iC, and f)
900;C.
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