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Abstract

Undesired reactions in Li-ion batteries, which lead to capacity loss, can consume or
produce charge at either the positive or negative electrode. For example, the formation
and repair of the solid electrolyte interphase consumes Li" and e at the negative
electrode. Electrolyte oxidation at the positive electrode allows extra electrons (with
corresponding electrolyte decomposition products) to be extracted at the electrode
compared to the number which could be extracted in the absence of electrolyte oxidation.
High purity electrolytes, various electrolyte additives, electrode coatings and special
electrode materials are known to improve cycle life and therefore must impact coulombic
efficiency. Careful measurements of coulombic efficiency are needed to quantify the
impact of different battery materials on cell life time in only a few charge-discharge
cycles and in a relatively short time. In order to make an impact on Li-ion cells for
automotive and energy storage applications, where thousands of charge-discharge cycles
are required, coulombic efficiency must be measured to an accuracy and precision of at
least 0.01%.

An instrument designed to make high-precision coulombic efficiency
measurements on Li ion batteries is described in this thesis. Such measurements can be
used to detect the influence of different electrode materials, voltage ranges, cell
temperature, etc. on the performance of a cell. The effects of cycle induced and time-
related capacity loss can be probed using experiments carried out at different C-rates.
Precision differential voltage and capacity measurements can also be used to identify the

different failure mechanisms that occur in full cells.
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Chapter 1 Introduction

Li-ion batteries are used in cellular phones, laptops, camcorders, and other portable
electronic devices because they have high energy density and calendar lives of at least 3 —
4 years, enabling them to outlive the portable electronics that they power. New
applications for Li-ion batteries in backup power supplies, satellites and electric vehicles
demand significantly longer calendar lives. For example, batteries used in energy storage
and automotive applications require a life time of at least 10 years, and must operate
under challenging environmental conditions. Assuming the batteries are cycled once or
twice a day for ten years, such as with electric vehicles, this would translate to a
minimum of 3000 cycles, with 10000 cycles being a more preferable goal. The ability of
Li-ion cells to operate under realistic conditions must be demonstrated; however this is
problematic because such tests take an extremely long time. In an attempt to demonstrate
the desired number of cycles, many battery manufacturers and researchers cycle their
batteries 12 to 60 times per day [1-5]. Such accelerated testing methods may, however,
lead to spurious conclusions about cycle life under realistic conditions due to the reduced
time available for reactions which reduce cycle life to occur.

Over the past 10 years, only a few published results exist that report cell
performance monitored over periods of months or years [6—12]. The most impressive of
these articles, by Broussely et al. [6], observed the aging of cells over a period of 4 years.
They demonstrated that the capacity, power, internal pressure, and impedance of Li-ion
cells are strongly dependent on time. A proper choice of materials and a good cell design

allows Li-ion batteries with a long expected life time to be made. Erik Scott et al.



demonstrated the effect of cycling rate on capacity loss for cells cycling for over two
years [12]. They demonstrated that a cell cycled once a week had a larger fade in
capacity per cycle than a cell cycled once a day. However, when the same data was
plotted versus elapsed time it showed that the cell cycled once a day appeared to have a
larger fade in capacity per unit time than the other cell. This demonstrates that both time
and cycling affect the capacity retention of the cells. Unfortunately, such patient and
careful publications are far too few.

Undesired reactions in Li-ion batteries can consume active lithium (lithium which
can be inserted into or removed from either the positive or negative electrode) and
convert it to inactive lithium (a lithium compound which can no longer be inserted into
an electrode) in the cell. This loss of active lithium ultimately leads to capacity loss. For
example, organic solvents in the electrolyte can react with Li ions, Li", and electrons, ¢ ,
to form a layer of reduction products on the negative electrode [6,13]. During the
formation of this layer, Li ions and electrons are consumed irreversibly and become
inactive. The electrolyte can also decompose on the positive electrode, but in this case an
oxidation product is formed and an equivalent number of electrons are passed to the
positive electrode [13]. These additional electrons can than remove Li ions from the
electrolyte and transfer them into either the negative or positive electrodes.
Unfortunately, this gives the false impression that additional charge has been produced
while, in reality, cell components have been lost. Advanced battery materials such as
high purity electrolytes, electrolyte additives [14—20], electrode coatings [21-26] and

special electrode materials [17] have been shown to reduce the above reactions and



improve cycle life. The sum effect of all the parasitic reactions inside a Li-ion cell can be

monitored by carefully measuring the Coulombic Efficiency, CE, of the cell

CE = Q4/Q. = charge delivered during discharge/charge stored during charge 1.1

As battery manufacturers produce cells that are increasingly free of unwanted side
reactions, the CE becomes closer to unity (1.0000...) and the cells are able to cycle
without loss of lithium, electrolyte decomposition, etc. In some cases, it is conceivable
that side reactions at the positive and negative electrodes could be nonzero and balanced
with each other. This would make it seem that the cell was cycling without the loss of
active lithium. However, the existence of these reactions would be detected by a CE less
than 1.0000 and cells would ultimately fail due to the consumption of cell components.
Many authors who study new electrode materials for Li-ion cells use CE
measurements in their publications. For example, Wang et al. [27] studied TiO, hollow
spheres as anode materials for Li-ion cells and reported: "the coulombic efficiency is
approximately 98% after 40 cycles, indicating excellent cycling stability and
reversibility". Of course, full Li-ion cells incorporating such a negative electrode would
have a short cycle life. Yi et al. [28] report the CE of half cells using LiNipsMn; 504 and
LiMn; 4Cry,Nip 404, showing improved CE for the latter. However, the latter also had
increased capacity fade. Song et al. [29] reported CE measurements for arrays of Si
nanotubes and showed that the CE of cells cycled every 40 hours and 10 hours was 87%
and 90% , respectively, for the first cycle. Zhange et al. [30] reported the CE of cells

made with Fe;O4/graphene composites and Fe;O4 nano-particles and showed values close



to 98% after ten cycles. Obrovac and Krause [31] report the CE of crystalline Si
electrodes made with an unspecified binder to be 99.8% after about 50-90 cycles. In
references [27-30], the CE measurements show a significant amount of noise and scatter,
about £0.5 %, when CE is plotted versus cycle number. More care in the measurements
may have been taken in ref. [31], because the scatter in the CE measurements is only
about £0.1 %. However, it is our contention that none of the measurements of CE
presented in the literature are accurate or precise enough to be able to distinguish whether
a battery will meet the demands of automotive or grid energy storage applications. For a
battery to meet the goal of 3000 cycles it must have a CE better then 99.99%, which
means one would have to be able to measure CE at least that well.

To achieve high precision measurements of CE there are four experimental
factors that need to be carefully controlled. 1) The delivered charge and discharge
currents must be accurately balanced and stable. 2) The measured voltage of the cell
must be precise. 3) The length of time between voltage measurements must be as short
as possible. 4) The temperature of the cells must be held constant. Unfortunately,
traditional battery testers are simply unequipped to achieve all 4 criteria.

Figure 1.1 shows a photograph of the high precision charge (HPC) at Dalhousie
University. The HPC is a special battery testing system designed to control all the
necessary variables needed to measure the CE of an electrochemical cell to within
+0.01% [32]. The HPC is an extremely useful experimental device and has been used to
show the behaviors of various parasitic reactions and make accurate long term projections

about cell life [33-37].



Figure 1.1 Photograph of the high precision charger at Dalhousie University

The aim of this thesis is to develop advanced testing equipment and techniques,
like the HPC, to observe different failure mechanisms in Li-ion cells. If these
mechanisms can be better understood this could lead to better projections of cell life
times and suggest improved cell designs and materials. However, in order to understand
these mechanisms all aspects of Li-ion cells must be understood.

Chapter 2 introduces the components of a Li-ion cell. The chapter discusses some
of the common materials used in positive and negative electrodes, as well as the salts and
solvents used in the electrolyte. Lastly, the designs of different types of cells used in this
thesis are introduced.

Chapter 3 discusses some the degradation mechanisms common to Li-ion cells.

These parasitic reactions can convert active lithium in a cell to inactive lithium through a



number a different reactions routes. Ultimately, this loss of active lithium leads to loss of
cell capacity and eventually cell death.

Chapter 4 introduces the concept of high precision coulometry as an approach for
testing Li ion cells. The requirements for high precision measurements will be discussed
and compared to commercial testing equipment available today. The instrument will be
described in detail and example data will be provided.

Chapter 5 introduces the automated storage/cycling equipment developed by the
author, Chris Burns and Nupur Sinha. The device will be described in detail along with
the necessary formulations for understanding storage/cycling results.

Chapter 6 discusses the concept of differential capacity (dQ/dV) and differential
voltage (dV/dQ) analysis. The strengths and weaknesses of dQ/dV and dV/dQ analysis
will be discussed along with an explanation of how high precision coulometry can be
used to augment these measurements. Lastly, a software program developed by the
author will be introduced which can be used to interpret dQ/dV and dV/dQ results from
Li-ion full cells.

Chapter 7 briefly discusses the other experimental equipment used in this thesis to
support the results found using high precision coulometry.

Chapter 8 presents a high precision study of the formation of reduction products
on graphite electrodes. The experiment shows that the amount of charge consumed by
this layer of reduction products is primarily dependant on time, temperature and the
surface area of the graphite electrode. The experiment also shows that the cumulative

amount of charge consumed by this layer increases with time'".



Chapter 9 presents the capacity loss and CE of LiCoO,, LiFePO,, LiMn,04 and
Li[Ni;sMn;3Coy/3]Os/graphite commercial Li-ion batteries as a functions of cycle
number. The experiments show that time, not cycle count, is the dominant contributor to
the coulombic inefficiency (1-CE) of Li-ion batteries cycled at low rates and high
temperatures. Long term cycling of LiCoO,/Graphite commercial cells was also
performed to confirm these results.

Chapter 10 shows LiCoO;, Li[NiyMny,Co,]O,, and LiMn,Og4/graphite
commercial cells cycling between narrow voltage limits on a high precision charger and
stored at various open circuit voltages on the automated storage/cycling tester. The
experiment shows that narrow range cycling and storage experiments are useful
techniques for identifying the relative amount of damage caused at different open circuit
voltages in Li ion cells. However, this experiment also shows that these tests do not
always identify the same parasitic reactions and should be used in concert to complement
each other.

Chapter 11 shows dQ/dV and CE of electrodes mixed with different ratios of
LiMn,04 and Li[Ni;;3Mn;;3Co0;/3]O,. The experiments showed that the addition of even
modest amounts of Li[Ni;3Mn;3Co0;3]0; to LiMn,O4 electrodes produced a significant
improvement in capacity retention. Li[Ni;;3Mn;3Co,,3]O; also helps suppress the loss of
Mn from LiMn,0O4, and a correlation between Mn loss, capacity retention and CE is
shown.

Chapter 12 will summarize and conclude the thesis. It also describes the future of
high precision coulometry and gives other examples of how precision coulometry can be

used in battery testing.



Chapter 2 Li-Ion Batteries

2.1 Electrode Materials

A Li-ion battery is composed of multiple Li-ion cells. These cells convert chemical
potential energy directly to electrical energy through reduction-oxidation (redox)
reactions. An electrochemical cell has three basic components; the positive and negative
electrodes, where redox reactions occur, and a salt” containing electrolyte which allows
for the transport of ions between the electrodes. In Li-ion cells Li" ions move between the
two electrodes while an equivalent number of electrons are passed through an external
circuit. Since the Li ions are in a state of equilibrium when they are transferred between
the electrodes, the only work being done in the cell is done on the electrons. This work
can be simply calculated as eV, where ¢ is the magnitude of the charge of an electron and
V is the open circuit voltage of the cell. The work done in the cell can also be calculated
as the difference in chemical potential, p, of lithium atoms in the positive electrode and

those in the negative electrode

eVNet = lunegative - /,l positive * 2.1

where the charge of an electron is constant. Therefore, the voltage of a cell can be
increased by either decreasing the chemical potential of lithium atoms in the positive
electrode (higher potentials versus Li/Li") or increasing the chemical potential of lithium

atoms in the negative electrode (lower potentials versus Li/Li"). Increasing the voltage of
g p g g



a cell can be beneficial, because it allows more energy, E, to be stored for the same

amount of capacity, Q.

Qmax

o | v(@)do
E= j V(0)O=-"G——* j dO=V,.0 2.2
0 do 0

where V,,. is the average open circuit voltage of the cell. Equation 2.2 also shows that if
the electrodes are made with materials which can store more charge per unit mass or
volume (specific or volumetric capacities) this would increase the stored energy of the
cell, while operating at the same voltage. There are currently many researchers focused
on finding new materials which increase open circuit voltage of the cell and have larger
capacities, but these are not their only considerations. New electrode materials should
also have long cycle life, low toxicity, be cheap to produce and have good safety
characteristics.

The majority of positive and negative electrode materials react with lithium
through the process of intercalation. Intercalation is a topotactic reaction where lithium
atoms are reversibly inserted into and removed from the host material without
significantly changing its structure. This lack of change in the host material is beneficial,
because it helps to reduce damage to the crystal structure of the host during charge —

discharge cycling.
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Figure 2.1 The crystal structure of graphite in a fully lithiated and delithiated state.
Carbon atoms are brown and lithium atoms are green.

Figure 2.1 illustrates the intercalation and de-intercalation of Li atoms into the
layered structure of graphite which is the most common negative electrode material. The
intercalation of graphite results in volumetric expansions of ~10% making the process
highly reversible and allowing LixCs to survive thousands of charge / discharge
cycles [38]. Other advantages to using graphite are that it intercalates Li atoms at an
average potential of 0.1 V versus Li'/Li (i.e. high chemical potential), is inexpensive and
has a specific capacity of 372 mAh/g [39].

Figure 2.2 illustrates the intercalation and de-intercalation of lithium in three
different positive electrode structures; layered, spinel and olivine. Li[M]O, (M = Co, Ni,
Mn, etc) layered structure materials intercalate Li atoms between MO, layers in a manner
similar to graphite. The two most frequently used layered structure positive electrode
materials are LiyCoO; (0.5 < x < 1, 130 ~ 140 mAh/g [40]) and Li[Ni;s3Mn;;3Co0;3]0O;
(cycled between 2.5 and 4.4 V - 160 mAh/g [41]). Materials with spinel (Li{M],04, M =
Mn, Ni, Co, etc) and olivine structures (Li{M]PO4, M = Fe, Mn, Co, etc) intercalate and

de-intercalate Li atoms through tunnels. The most common spinel and olivine structures
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used as positive electrode materials are Lig+xMnp.Os (110 mAh/g [42]) and LiFePO4

(165 mAh/g [43]), respectively.

Layered “

Dell’rhlc’rlon

Spinel

Lithiation

Olivine

Figure 2.2 The crystal structure of the three most common positive electrode
materials in fully lithiated and delithiated states. Oxygen, lithium and
phosphorus atoms are always shown in red, green and grey, respectively.
Transition atoms are blue in the layered structure, black in the spinel
structure and brown in the olivine structure.
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2.2 Electrolyte

Electrolytes in Li-ion batteries usually consist of an organic solvent, typically a
carbonate, containing free Li” which can be transported between the positive and negative
electrodes. The most common salt used in Li-ion batteries is lithium hexafluorophosphate
(LiPF¢) because of its high ionic conductivity (>10 > S/cm), Li ion transference number
(0.35) and acceptable safety characteristics [44]. However, LiPFs is expensive,
hygroscopic and has been shown to form hydrofluoric acid (HF) when exposed to
water [45]. Thus, other lithium salts have been developed with the aim of improving upon
these properties; such as, lithium bis(oxalato)borate (LiB(C,04);), lithium
tetrafluoroborate ~ (LiBFs) and  lithium  (bis)  trifluoromethanesulfonimide
((LiN(SO,CFs»),) [46-438].

Solvents used in Li-ion cell electrolytes usually include some kind of carbonate.
Carbonates typically have large dielectric constants, greater then 3, which allow for Li
salt solutions with concentrations greater then 1 M [49]. The most common carbonates
used in Li-ion cells are ethylene carbonate (EC), diethyl carbonate (DEC), dimethyl
carbonate (DMC), propylene carbonate (PC) and ethyl methyl carbonate (EMC) [49].
However, in practice the solvents used by battery manufactures are often some

combination of the above carbonates, such as EC:DEC (1:2 v:v).

2.3 Common Battery Designs

Li-ion batteries come in two basic designs, wound and stacked cells. Both designs have
differences, but the basic cell components used in each one are very similar. Figure 2.3

shows a schematic diagram of the most common wound cell, the 18650 cylindrical cell
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(18 mm diameter and 65 mm length). Generally, positive and negative electrodes are
made by coating an electrode material on both sides of a thin metal foil, called a current
collector. These current collectors are used to provide a low resistance pathway for
electrons to travel from the electrode material to the electrode leads connected to the
outside of the cell. The double-sided positive and negative electrodes are then stacked on
top of each other in alternating layers with a porous member, called a separator, being
placed between each layer. The separator acts like an insulating layer, keeping the two
electrodes physically separated while the pores inside the separator allow the Li" in the
electrolyte to be transferred between the electrodes. The battery components are then fit

into a casing which provides protection for the electrochemical cell.

Positive Electrode Lead

Insulator
Separator

Negative
Electrode

Negative

Can
Positive Electrode Elcctiode
Lead
Insulator Negative Electrode
Figure 2.3 Schematic diagram of the internal components of an 18650 cylindrical cell

The difference between wound and stacked cells is how they are constructed.
Wound cells are made from long positive and negative electrodes (with a layer of

separator between each electrode) wound continuously into a tight roll, as in Figure 2.3.
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Stacked cells are made from single sheets of double sided electrodes stacked one on top
of another, with a sheet of separator between each layer. Wound cylindrical cells can be
made mostly by automation and thus can be made cheaply in an industrial setting.
However, the equipment required to properly make wound cells is expensive. Therefore,
coin type cells, which require fewer resources, are a more preferable option for smaller
laboratories.

Coin cells have the same basic components of the Li ion cells described above
(positive and negative electrodes, current collectors, separators, electrolyte and casing)
with a few additional pieces. One of the major differences is that coin cells use electrodes
cut into small circles (about 1.25 cm?) and only have electrode material spread on one
side of the current collectors. Coin cells can be divided into three categories. Cells that
use different intercalating materials for the positive and negative electrodes with no
reference electrode between them are called “full cells”. Cells that use the same
intercalating material for both electrodes with no reference electrode between them are
called “symmetric cells”. Cells that use intercalating materials for only the positive
(working) electrode while a disk of Li metal is used as the reference/counter (negative)
electrode are called “half cells”. Half cells are useful devices, because the potential of
the Li metal remains constant at 0.00 V versus Li/Li during cycling. Thus the potential
versus specific capacity and other characteristics of the working electrode material can be
studied without the interference of the counter electrode. Figure 2.4 shows a diagram of
the components of a coin cell. The spacer and spring in the coin cell are used to press the

positive and negative electrodes together when the coin cell is sealed.
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Figure 2.4 Diagram of the components in a coin type cell.

2.4 Electrochemical Behavior of Li-Ion Cells

When cycling half cells Li ions are moved between the working electrode and the Li disk
acting as the counter electrode. During charge Li ions and a corresponding number of
electrons are removed from the working electrode increasing its potential. During
discharge Li ions and electrons are inserted into the working electrode decreasing its
potential. Assuming the applied current, I, used to drive Li" and electrons between the

two electrodes is known and constant then the capacity of the cell can be determined by

t
Qo J.]A(t')*dt':]A*t 2.3
0

where t is the measured time of the charge or discharge. In this thesis the word
“capacity” has several meanings which can normally be taken from context. However, in
an attempt to reduce confusion for non-specialist readers, a distinction will be made in

notation used to describe different meanings of the word “capacity”. Until this point
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capacity has referred to the total capacity of a cell or specific capacity of a material being
cycled between fixed voltage limits and is measured in units of mAh or mAh/g
respectively. When capacity is used in this way or any way in which term capacity could
be referred to as a dependent variable it will be italicized. Capacity can also be used as
an independent variable to specify the state of charge of an electrode or cell. For
example, when cell potential, V, is specified as a function of electrode capacity
(proportional to state of charge), Q, as the function, V(Q), such as in Figure 2.5, it will
not be italicized.

By convention, positive electrodes increase in capacity during charge (de-
lithiation) and decrease in capacity during discharge (lithiation). Conversely, negative
electrodes increase in capacity during discharge (lithiation) and decrease in capacity
during charge (de-lithiation). This is a useful convention because during the cycling of a
full cell one electrode will always be lithiated and the other will be delithiated. During
charge Li" and electrons are transferred from the positive to the negative electrode and
during discharge Li" and electrons are transferred from the negative to the positive
electrode.

Figure 2.5 shows the potential versus capacity of LiyCoO,/Li, LixFePO4/Li and
LiyCe/Li half cells. The masses of the working electrodes have been balanced so the
capacities of the cells equal 100 mAh. Figure 2.5 shows that the voltage of a full cell is
determined by the difference in potential between the positive and negative electrodes.
This means that the higher potentials of the LixCoO,/Li half cell over the LixFePO4/Li
half cell will result in larger voltages for LiyCoO,/ LiyCe full cell (V) than a LiyFePO4/

Li,Cs full cell (V). As stated before, increasing the voltage of a cell allows more energy
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to be stored for the same amount of capacity. Thus, using a LixCoO; electrode over a
LiyFePO, electrode would increase the energy of the cell. However, operating a Li-ion
cell at higher open circuit voltages can also induce various unwanted reactions inside the
cell which can reduce its cycle life (see chapter 3). Thus based on the requirements of the

full cell the potential difference between the electrodes needs to be carefully selected.
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Figure 2.5 Potential versus capacity for LiyCoO,/Li, LixFePO4/Li and LiyC¢/Li half
cells. The masses of the working electrodes have been balanced so the
capacities of the cells would equal 100 mAh.
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Chapter 3 Li-Ion Accounting

3.1 A Li Accounting Model

The cycle life of a Li-ion cell is not infinite because small fractions of cell materials are
consumed by parasitic reactions during each cycle. These unwanted reactions can occur

by a number of different processes.

1) Li loss at the negative electrode through SEI growth and repair.

2) Electrolyte oxidation at the positive electrode resulting in a salt depletion or
producing a continuous shuttle mechanism.

3) Dissolution of transition metal ions from the positive electrode and subsequent
deposition on the negative electrode.

4) Positive electrode damage resulting in trapped Li within the electrode.

5) Other

Each of these reactions affects the capacity fade and CE of a cell in different ways. Other
authors, most notably Newman et al. [50,51], have suggested that with careful models
one can determine how much active lithium the above reactions will consume. However,
in their papers they use calculations to provide a general understanding of the different
capacity loss mechanisms and then represent these losses, and how they relate to each
other, in terms of visual models. Here a model for Li accounting is proposed, which
follows all the active lithium that is passed between the positive and negative electrodes

and lost to parasitic reactions in clearly defined equations and tables. The effect of these
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reactions on the electrochemical behavior of a Li-ion cell is then quantified in parameters

which can be measured by the High Precision Charger.

3.2 Solid Electrolyte Interphase Growth and Repair

During each charge — discharge cycle of the negative electrode a small amount of active
Li in the cell is used to form (and thicken) a passivating layer on the surface of the
electrode, known as the SEI. The exact nature of the SEI is dependent on a number of
factors such as the active material in the electrodes [49], electrolyte composition [52—54],
temperature of the cell [36,55,56], electrolyte additives [57,58], etc. Although the SEI can
change dramatically depending on the parameters of the cell, there are two things that all
SEIs have in common; the Li used to form the SEI is always consumed irreversibly and
the SEI is considered to be an electronically insulating layer. Thus, in order for an
electrolyte molecule to react with a Li" and an ¢ it will have to come close enough to the
Li,C¢ to be within a tunneling range of an e [59]. This presumably requires an electrolyte
molecule to diffuse through the SEI to get within a required range, significantly reducing
the SEI growth rate as the SEI thickens.

Figure 3.1 shows four schematic diagrams depicting possible SEI formation
routes on the negative electrode. Figure 3.1A shows that during discharge a Li" traveling
through the electrolyte can help form a new SEI layer on the old SEI surface if an e” can
tunnel from the electrode to meet it. Figure 3.1B shows that a Li" and an e in the
negative electrode can also react with electrolyte to form a new SEI layer. Figure 3.1C
shows a situation where new SEI forms within the SEI due to diffusion of electrolyte

within the SEI. The new SEI then pushes out the old SEI layer and increases the total
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width of the layer. Figure 3.1D shows a situation where impurities in the electrolyte
damage the surface of the SEI, requiring a fresh SEI layer to be formed to fill in the gaps.
It really does not matter which scenario from Figures 3.1A-D (or other scenarios not
shown) is chosen for the formation of the SEI as long as the Li atoms incorporated within
the SEI are irreversibly lost from the total number of Li" which can be exchanged

between the electrodes.
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Figure 3.1 Schematic diagrams of different SEI formation routes.

There is an effective parasitic current, Iy ;, which adds Li atoms to the SEI. During

each half cycle, an amount of charge, ¢,

qri =T dt =T At 3.1

becomes inactive as it is consumed by the SEI. In this expression, I;;"" is the average
parasitic SEI-forming current. Normally, I1; and g;; decrease with cycle number as the
SEI thickens [36,59].

Equations 3.1 and 2.3 are similar to each other in form but different because in

Equation 3.1 Ij; is not known. However, Equations 3.1 and 2.3 can be solved to find
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gui = Qo Ii™ / 1a. 3.2

3.3 Electrolyte Oxidation and Shuttle Mechanisms

Equation 2.1 and Figure 2.5 show that by increasing the potential difference between the
positive and negative electrodes the open circuit voltage and energy density of the full
cell could be increased. This is one reason why Li metal oxides such as LiCoO;
(nominal potential of 4.0 V) and LiMn,0O4 (nominal potential of 4.1 V) are often used as
positive electrodes. However, these large potentials can cause electrolyte oxidation
which can affect the lifetime of the cell. The rate of electrolyte oxidation in a Li ion cell
can be affected by many different things; the type of positive electrode being
used [13,60], the upper cutoff potential, the electrolyte chemistry [61], temperature of the

cell [37] and the surface layers formed on both electrodes [62].
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Figure 3.2 Schematic diagrams of electrolyte oxidation routes at the positive
electrode.
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Figure 3.2 shows schematic diagrams illustrating two possible electrolyte
oxidation routes at the positive electrode. During each half cycle a certain amount of
electrolyte oxidizes, possibly depositing insoluble reaction products on the surface of the
positive electrode. The reactions products then transfer an equivalent amount of e and
R" (could be H") to the positive electrode and electrolyte respectively. These ¢ can
remove Li" from the electrolyte by charge neutrality and transfer them into either the
negative (Figure 3.2A) electrode if the cell is connected to a charger or the positive
(Figure 3.2B) electrode if the cell is under open circuit conditions. Unlike the SEI
formation, electrolyte oxidation as depicted in Figure 3.2 removes Li~ ions from the
electrolyte and adds them to the inventory of active Li in the cell as long as R" stays in
solution. The related parasitic current and charge per half cycle are called Io," and qoy".
L," is taken here to be the average oxidation current in the potential range during cycling.
Continued electrolyte oxidation as in Figure 3.2 will eventually lead to a depletion of all
the Li" in the electrolyte and as a consequence the cell will die. As in equation 3.2, the

capacity, qox , can be related to the parasitic current, Iy, by

qua = Qo ona/ Ia 33

Figure 3.3 shows five schematic diagrams of different electrolyte oxidation
processes all known as shuttle mechanisms. As in Figure 3.2 electrolyte molecules in
Figures 3.3A, 3.3B, 3.3C and 3.4D are oxidized at the positive electrode, but then the
radical cations travel to the negative electrode where they are reduced again. In Figures

3.3A and 3.3B the reduction process is shown to be reversible and the electrolyte
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Figure 3.3 Schematic diagrams of different electrolyte shuttle mechanisms.

molecules are reformed. However, only for very special molecules is this highly
reversible [61]. It is more likely that a reduction product, R, will remain at the negative
electrode as in Figure 3.3C and 3.3D, hence consuming electrolyte. In Figure 3.3A and
3.3C this process does not result in a depletion of the Li" in the electrolyte or a change in
the Li content of either electrode if the cell is held at a fixed potential. However, if the
cell is under open circuit conditions, an electrolyte shuttle can remove Li from the
negative electrode and add it to the positive electrode as shown in Figures 3.3B and 3.3D.
Figure 3.3E shows an alternative situation where a polymerized species is formed by
oxidation at the positive electrode. This reaction involves protons traveling through the
electrolyte to the negative electrode to be reduced to hydrogen gas. The reaction is then

balanced by moving an equivalent number of Li" to the positive electrode. I’ is the
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average current over a half cycle associated with shuttle mechanisms and g’ is the

associated charge, which can be related to each other by

qoxb = Qo onb/ IA 3.3

3.4 Transition Metal Dissolution

The chemical and structural stability of a positive electrode can dramatically affect the
cycle life and storage performance of a Li-ion cell. For example, at higher potentials
transition metals in the positive electrode can be oxidized into cations which can dissolve
into the electrolyte. Transition metal dissolution has been observed for many types of
oxide materials, such as LiCoO, [63,64], LiFePO,[65], Li[Ni,Mn,Coy]O,[66] and
LiMn,04 [67,68]. In the more severe cases of metal ion dissolution, these processes
produce structural degradations of the oxide material and can result in positive electrode
capacity loss.

Figure 3.4 shows a schematic diagram of two transition metal dissolution
processes. During each half cycle a certain amount of transition metal ions, M?*, are
dissolved into the electrolyte and migrate towards the negative electrode. Upon arriving
at the negative electrode the metal ions are reduced and are deposited as M atoms on the
electrode surface. In order to reduce these ions an equivalent amount of the charge must
also be transferred. This can be done in one of two ways: moving electrons from the
positive to the negative electrode (Figure 3.4A) or moving Li* from the negative

electrode into the vacancies left by the metal ions in the positive electrode (Figure 3.4B).
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Like the shuttle mechanism above, described by Figure 3.3, this process moves
charge without changing the amount of active Li in the cell. Therefore, the effects of this

process are included in onb and qoxb.
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Figure 3.4 Schematic diagrams of transition metal dissolution in a Li ion cell.

3.5 Positive Electrode Damage

The insertion and extraction of Li" from Li metal oxides can lead to changes in the molar
volume and phase of the positive electrode material [69]. Both of these processes have
the ability to induce mechanical stress and strain on the crystal structure of the oxide
particles. In severe cases this might lead to cracks and electrical isolation of some of the
active material. Additionally, metal ion dissolution can also cause a capacity reduction in
the positive electrode. In the case of Li(1+xyMn.xOs, Mn ions can be dissolved from the
positive electrode resulting in a phase with a larger lithium content and smaller
capacity [69]. Both of these processes limit the ability of the positive electrode to deliver

the same amount of Li" as it did during its initial charge. A capacity, gy, of Li is assumed
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to be trapped in the positive electrode during each half cycle. This capacity can be

related to an average parasitic current, I, by

qp = 0o Iy/Ia 3.5

3.6 Li Accounting in a Li-Ion Cell

To keep track of the effects of the various parasitic processes described above, an
inventory of all the active lithium in a Li-ion cell needs to be maintained. Figure 3.5
shows the potential versus capacity of the positive and negative electrodes in two
hypothetical LiyCoO, / LixC cells during the first cycle. The positive electrode in Cell A
and the negative electrode in Cell B have larger irreversible capacities (IRC) than the
other electrodes in the cells. These larger IRC also cause the potential-capacity profiles
of the affected electrodes to shift to higher relative capacities and limit the capacity of the
cell at the bottom of discharge. One possible example of a cell similar to Cell A is a
Lix[Nig.425Mng 425C00.425]O2/LixCg cell. Lix[Nig42sMng425C00.15]O2/Li half cells have been
shown to have IRC as large as 11% during the first cycle which is noticeably larger than
the <7 % IRC for LixC¢/Li half cells [49,70]. However, LiCoO,/Li half cells have been
shown to have IRC as low as 5% which is smaller than the IRC of the Li,Cs electrode and
thus LiyCoO,/LixCs would be a good example of Cell B [71].

Figure 3.6 shows the potential versus capacity of the same electrodes in Figure
3.5 after several cycles. It is assumed that the potential of the negative remains at about

0.15V during cycling, therefore changes in voltage profile of a full cell will be dominated
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Potential versus capacity of the positive and negative electrodes in two

hypothetical LixCoO; / LixC cells during the first cycle.

by the positive electrode. In both scenarios Q, is equal to the amount of active lithium

(i.e. capacity) the positive electrode will initially delithiate in order for the full cell to

reach the upper voltage limit. The potential of the positive electrode at the top of charge

should be fairly consistent with cycling, because the potential of the negative electrode

has been assumed to be roughly constant. Figure 3.6 shows that because of the initial

IRC in Cell A the LixCoO, is completely filled with active lithium at the bottom of

discharge, leaving a capacity, R, of active lithium in the graphite electrode. Figure 3.6

also shows that at the bottom of discharge of Cell B the graphite electrode contains no

active lithium and a capacity, K, is still available to receive additional active lithium in

the Li,CoO; electrode.
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Figure 3.6 Potential versus capacity of the positive and negative electrodes in two
hypothetical LiyCoO; / LixC cells. When the full cell reaches the bottom of
discharge; the negative electrode is completely emptied of active lithium
(Cell A) or the positive electrode is completely full of active lithium (Cell
B).

Figure 3.7 shows the potential versus capacity of the positive and negative
electrodes in a hypothetical LixCoO, / LixC cell (Cell C) cycling between narrow voltage
limits. As in Figure 3.6 it is assumed that the voltage of the full cell is dominated by the
positive electrode, because the potential of the negative electrode remains fairly constant
with state of charge especially over a narrow voltage range. It is also assumed that Q, is
equal to the capacity of the positive electrode when the upper voltage limit is reached.

What is unique about Cell C is that the cell has no capacity limiting electrode at the

bottom of discharge. When the lower voltage limit is reached a capacity, R, remains in
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the negative electrode and a capacity, K, is still available in the positive electrode for

additional lithium. Cell C can be considered a general case between Cell A and Cell B.
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Figure 3.7 Potential versus capacity of the positive and negative electrodes in a
hypothetical LiyCoO, / LikC cell cycling between narrow voltage limits.
For the purposes of lithium accounting it is assumed that Cell A, B and C have completed
a single formation cycle (i.e. the first charge and discharge of the cell) and have finished
in a completely discharged state.
After the formation cycle is completed the number of Li atoms or Li" in the

electrodes, SEI and electrolyte of Cell B are initialized with the values of:

Active Li in the positive electrode: O, - K
Li" in the electrolyte: E

Inactive Li in the SEI: S

Active Li in the negative electrode: 0

Sum: Q,—K+E+S,
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where E and S are the capacities (in coulombs or mAh) of Li" and Li in the electrolyte
and SEI respectively. The sum shows that the total amount of Li found in Cell B is
simply equal to O, — K + E + S.

Cell B is then charged, transferring most of the active Li from the positive
electrode to the negative electrode. The remaining Li atoms or ions have been affected
by one of the processes mentioned in sections 3.2, 3.3 or 3.4 and have been relocated

accordingly. After this first charge is completed the Li is distributed as follows

Trapped Li in the positive electrode: g,

Active Li in the positive electrode: 0

Li" in the electrolyte: E - g

Inactive Li in the SEIL: S + gy

Active Li in the negative electrode: O, — K — q1i + gox” - gp

Sum: Q,—K+E+S

Once again, the sum capacity is still equal to O, — K + E + S, showing that all of the Li
atoms or ions in the cell can be accounted for. This allows the impact of the various
parasitic processes to be quantified. Shuttle type mechanisms were not included in this
capacity inventory because they do not add or remove Li atoms from the pool of active Li
atoms. However, they will be included later because onb does affect coulombic
efficiency and electrode capacity endpoint slippage.

Table 3.1 shows the continued Li inventory of Cell B for the first 1'% cycles.

During each half cycle, the number of active Li atoms in the cell changes due to the
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processes of SEI formation, electrolyte oxidation and positive electrode damage. The
sum of all Li atoms or ions in the cell remains constant, as it must, even after continued
cycling. Table 3.1 also shows the cycle capacity of the cell for each half cycle, to
illustrate the effect that the different processes mentioned above have on the observed

cell capacity.

Table 3.1 Capacity inventory of Cell B in Figure 3.6 for the first 12 cycles

Initial State [First Charge (Q,.) First Discharge (Qg) Second Charge (Q’,)

Electrolyte E E - q"ox E - 2q°o E - 39"

Pos. Electrode JQ, - K dp Qo — K —2qy; - 29"« 34,

Active Li in

Neg. Electrode |0 Qo —K-qui+q'x-qp |0 Q. — K - 3qui + 3¢ - 34,
SEI S S +qui S +2qy; S +3qu

SUM [0.-K-ESjQ,_K-E+s Q._K+E+S Q.- K+ E+S

Cycle Capacity Q,—K+q'x-qp Qo — K —2qui + 29" - qp Qo — K - 2qui + 39" - 3¢,

Table 3.2 shows the Li inventory of Cell A, in Figure 3.6, for the first 1% cycles,
compiled in manner similar to Cell B. As in Table 3.1, the sum of all the Li atoms or Li"
in the cell remain constant throughout cycling. The Li inventories for the first and second
charge change by consistent amounts between Tables 3.1 and 3.2. This suggests that as
long as the positive electrode is the limiting electrode at the top of charge, the amount of
active lithium lost from each electrode will be the same for each scenario. There are a
few significant differences between the two tables. At the bottom of discharge, the
negative electrode in Cell B is completely empty (Q = 0) and the positive electrode in

Cell A is completely filled (a capacity of Q,). This returns the amount of active lithium in
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those electrodes to its initial state. However, the amounts of lithium in the opposing

electrodes have changed by 2q°ox — 2qy; after one cycle.

Table 3.2 Capacity inventory of Cell A in Figure 3.6 for its first 12 cycles.
Initial State First Charge (Q.) [First Discharge (Qq) [Second Charge (Q°,)
Electrolyte E E - 9"« E - 29"« E - 3q°ox
Pos. Electrode  JQ, dp Q, 3d,
Active Li in Qo + R- qui + qox - Qo + R - 3qui + 3q" -
Neg. Electrode R q, R — 2qu; + 29" 34,
SEI S S + qui S + 2qy; S +3qu;i
SUM 1Q. +R+E+S Q,+R+E+S Q,+R+E+S Q,+R+E+S
Cycle Capacity Qo+ q'ox - Gp Qo - q'ox - Gp Qo+ q"ox - 30

Table 3.3 Capacity inventory of Cell C in Figure 3.7 for its first 1% cycles.
Initial State First Charge (Q.) First Dis. (Qg) Second Charge (Q’,)
Electrolyte E E - q°x E - 2q°x E - 3q"ox
Pos. Electrode JQ,— K dp Q, -K 3qp
Active Li in Q. — K+ R- qui + g% Q, — K + R - 3qui H
Neg. Electrode JR - q, R —2qui +29°0x 3q9°0x - 39,
SEI S S +qui S +2qui S + 3qui

SUM

lQ,-K+R+E+S

Q, _K+R+E+S

Q, _K+R+E+S

Q, _K+R+E+S

Cycle Capacity

Qo_K+qaoX'qp

Qo_K'qQOX'qp

QO_K+ qaox - 3qp

Table 3.3 shows the Li inventory of Cell C, in Figure 3.7, for the first 1'% cycles
compiled in manner similar to Cell B. As was the case for Cells A and B the sum of all
the Li atoms or Li" in the cell remain constant throughout cycling. A quick comparison of

Tables 3.2 and 3.3 shows that Cell A is simply a limiting case of Cell C, where K = 0.
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Tables 3.1 to 3.3 show that, unlike Cell B, the cycle capacities of Cell A and Cell C are
not affected by qui. This suggests that if the negative electrode is not the limiting
electrode at the bottom of discharge then the lithium lost to the SEI will not affect the
cycle capacity of the cell, at least in the early cycles. Tables 3.1 to 3.3 also show that the
effect of qox' on cycle capacity is different for Cell B. As electrolyte oxidation adds
lithium to the positive electrodes (Figure 3.2B) in Cell A and C this leaves a capacity of
Jox in the negative electrode which is no longer needed. This additional lithium extracted
from the electrolyte also causes the charge capacity to increase and the discharge
capacity to decrease by (o' to compensate. However, when Cell B is completely
discharged and the negative electrode is emptied, the extra capacity left in the negative
electrode because of electrolyte oxidation can be recovered.

Figure 3.8 shows a schematic diagram of the potential-capacity relation of a Li-
ion cell. The horizontal axis tracks the cumulative capacity of the cell. Therefore, if the
charge and discharge capacities do not exactly match due to the parasitic currents above,
the curves shift (referred to as endpoint slippage) sequentially from one cycle to the next.
Generally, the more the curves slip to the right the more parasitic reactions have
occurred. Figure 3.8 shows the slippages per cycle at the top of charge, Ac, and the
bottom of discharge, Ap, for the first 12 cycles of a Li-ion cell.

The following mathematical treatments will be in terms of Table 3.1, where the
negative electrode in the cell is completely emptied of active lithium at the bottom of
discharge. However, an equivalent mathematical treatment for Cell A and C will be

included later in Appendix A.
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Figure 3.8 An illustration depicting the discharge endpoint slippage (Ap) and charge
endpoint slippage (Ac) of a Li ion cell.

Using the calculated capacities in Table 3.1, Ac and Ap can be expressed as:

Ac=0c—0d=0o—2q1i +3qox" — 3qp - Oo +2q1i — 2qox" + qp
Ac = qox" — 24, (3.6)
and
Ap=0c—0a= 0o+ qox" — qp - Qo+ 2q1i — 2¢ox" + qp

AD = 2QLi - QOxa (37)

where Qq is the discharge capacity of the cell and Q. and Q°. are the charge capacities
immediately preceding and following Qy, respectively. The capacity fade per cycle of a
Li-ion cell can also be determined by subtracting Equation 3.6 from Equation 3.7, to
give:

Fade = AD — AC = ZqLi — 2q0xa + 2qp (38)
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Here we define the CE of a Li-ion cell as the discharge capacity, Qq4, divided by
the charge capacity, Q., immediately preceding it. Using the information in Table 3.1,

one obtains:

Qd — Qo _ZQLi +2QZx _Qp

CE=%4 (3.9)
0. 0, +4,—4,
CEzl—%+%=1—% (3.10)

where Equation 3.10 is a first order approximation of Equation 3.9. Equation 3.10 also
shows that CE can be directly related to Ap (Equation 3.7) of the cell. The effects of
shuttles, involving onb, have not been included in this expression for the CE but will be
included later.

Finally, using Equations 3.2 through 3.5 one can rewrite Equations 3.6, 3.7, 3.8

and 3.10 in terms of the parasitic currents:

CE = 1- [211; — Lox* + 210x°)/1a (3.11)
Ac = Qo [Tox" — 21, + 21 1/ (3.12)
Ap = Qo [211; — I + 210"VIa (3.13)
Fade = Q, [2I1; — 21" + 2L,)/I5 (3.14)

The parasitic currents associated with L,xb do not change the amount of active Li in the
cell so Iox* could be easily incorporated into equations 3.11 through 3.14. During each
half cycle, they serve to increase the charge capacity by Qolox*/I5 and decrease the
discharge capacity by Qolox /1. Unfortunately, equations 3.11 through 3.14 can be

reduced to only two independent equations with 4 unknowns, thus it is not possible to
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solve for the parasitic currents in the general case. However, adding additional
information obtained from changes in the differential capacity versus potential of the cell

as a function of cycle number allows some of the parasitic currents to be determined.

3.7 Coulombic Efficiency Measurements in Half Cells

When cells are made with a Li metal reference/counter electrode and working electrode
which might be used as either the positive or negative electrode in a full cell they are
referred to as “positive” or “negative” half cells, respectively. Since parasitic reactions
affect the positive and negative half cells in different ways, some of the above equations,
intended for full cells, can not be simply applied to them.

Figure 3.9 (top panel) shows the potential versus capacity of a
Li(Ni;3Mn;3Coy/3)O; positive half cell cycling at a rate of C/10 between 3.0 V and 4.3 V
and at a temperature of 30°C. As shown in Figure 3.2B, processes like electrolyte
oxidation can cause excess lithium in the cell to be transferred into the positive electrode.
As this lithium goes into the electrode it can cause the Q. of the half cell to be artificially
lengthened and Q4 to be shortened. This mismatch between Q. and Q4 can than cause the
voltage profile of the cell to slip to higher relative capacities. If there are no parasitic
reactions then Q. and Q4 would be identical to each other and there would be no electrode
slippage. The CE of positive half cells are calculated in the same way as full cells

(Equation 3.9)

0,
CE,, ==L, 3.15
0 (3.15)
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In this way the CE of the positive half cell will always be less than 1.0000. As the CE of
the half cell gets closer to 1.0000 this indicates that less electrolyte oxidation (or some

other parasitic process) is occurring inside the cell.
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Figure 3.9 Potential versus capacity for the first 20 ~cycles of a

Li(Ni;3Mn;3Co43)O2/Li cell (Top Panel) and LixCe¢/Li cell (Bottom
Panel).

Figure 3.9 (bottom panel) shows the potential versus capacity of a LiyCs negative
half cell cycling at a rate of C/20 between 1.2 V and 0.005 V and also at a temperature of
30°C. Due to the low potentials of many negative electrodes, the most predominant
parasitic reaction affecting negative half cells is the growth of the SEI. As shown in

Figure 3.1 some of the Li" being transferred to or from the negative electrode will be
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consumed by the SEIL This then requires more Li" and electrons to be transferred to the
working electrode during discharge (lengthening Qy) and less Li" and electrons being
recovered from the working electrode during charge (shortening Q.). Unlike positive half

cells or full cells, the CE of negative half cells are calculated as

0,
CEy,, == 3.16
0, (3.16)

This is a useful convention, ensuring that the CE of negative half cells will also be less

than 1.0000.
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Chapter 4 High Precision Coulometry

4.1 Requirements for Precision Coulometry Measurements

There are four experimental factors that need to be controlled in order to carefully

measure the CE of a Li-ion cell during constant charge — discharge cycling between two

voltage limits. These factors are indicated in Table 4.1: (i) error in the delivered current,

(i1) error in the measured voltage, (iii) the length of time between voltage measurements

and (iv) control of the cell temperature. In order for the CE measurements to be within

+0.01%, it is necessary that /, the measured V, the interval of time between voltage

measurements, A¢, and the cell temperature, 7, be within the levels outlined in Table 4.1.

For estimation purposes in Table 4.1, dQ/dV has been assumed to be Q, divided by 1 V

and dV/dT has been assumed to be 100 pV/K [72].

Table 4.1 Factors which affect the ability to carefully measure coulombic efficiency.
For the purposes of these estimates, dQ/dV has been assumed to be the full
cell capacity in 1 volt and dV/dT has been assumed to be 100 uV/K. AQ
is the percentage error in the cell capacity, Al is the percentage error in the
current, AV is the error of the voltage measurement, At is the time interval
between voltage measurements and AT is the error of the temperature
control.

Parameter Associated Error Desired Error in Q | For C/10 rate For C-rate

measurements | measurement
Al AQ=AIt <0.01% Al <0.01% Al <0.01%
AV AQ =dQ/dV AV <0.01% AV <0.0001V | AV <0.0001V
At AQ=TAt <0.01% At<3.6s At<0.36s
AT AQ=dV/dT dQ/dV AT | <0.01% AT <1IK AT < 1K
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Figure 4.1 shows an expanded view of the voltage versus time of a Li-ion cell
approaching the lower voltage limit. The solid diagonal line represents the true voltage of
the cell and the points represent the data as measured by the voltmeter, with the vertical
error bars representing the error, AV, with which the voltmeter can measure. The data
points are equally spaced by a time, Az. Figure 4.1 demonstrates that the maximum error

in measuring charge due to At and AV is AQ = IAt and AQ = dQ/dV AV respectively.

Slope =1 * dV/dQ

Voltage

Voltage Limit

Time

Figure 4.1 Voltage versus time of a Li-ion cell approaching its lower voltage limit.
The values, At and AV, are the time between potential measurements and

the precision of the voltage measurement, respectively.

4.2 Commercial Battery Testing Equipment

Table 4.2 compares the specifications of some of the most common battery testing
equipment on the market today, which was gathered from either the manufactures
websites, by phone or email contact. Table 4.2 suggests that none of the commercially
available battery testing systems have the necessary specifications to measure CE to

within £0.01%. The commercial unit with the tightest specification is the Maccor 4000,
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which unfortunately lacks the current accuracy required for this level of precision

coulometry. In fact, the Maccor system has an error in potential of 153 pV (more than

50% larger than required AV suggested in Table 4.1). In fairness to the Maccor 4000, it

was designed for a variety of testing protocols, including those which require extremely

rapid voltage measurements making it difficult to measure voltage accurately. The

remaining battery systems in Table 4.2 have specifications which are not as good as the

Maccor 4000, and are thus less capable of accurately measuring CE. Interesting, the best

CE measurements we found in the literature were also taken on a Maccor system [31].

Table 4.2 Specifications of commercial charge-discharge equipment obtained from
manufacturer's web sites and through phone and e-mail exchange. A 16
bit resolution corresponds to 1 part in 65536 or 1 part in 10**. It is
important to realize that even though a 16 bit device is used, the accuracy
and stability may not be as good as 16 bits.

Manufacturer . Current Voltage Current Voltage Time Between = Error in
Resolution | Resolution | Accuracy Accuracy Measurements | CE (%)

Maccor 16 bit 16 bit 0.02-0.05 % | 0.02 % of 0.01 sec 0.06
4000 series of full scale | full scale
Arbin BT2000 | 16 bit 16 bit 0.02-0.05 % | 0.05% of 0.1s 0.07

of full scale | full scale
Bitrode MCV | 100 nA 100 pVv 0.1 % of full . 0.1% of full : 0.1s 0.14

scale scale
Neware 16 bit 16 bit 0.1% of full : 0.1% of full : Is 0.14
BTS-5V1mA scale scale
Lisun PCBT- | 0.10% 0.10% <0.5% <0.1% Is 1.13
100-32D
Land CT2001 | 0.10% 0.10% N/A N/A N/A N/A
Moli 10pA +10 VvV 0.10% 0.01% 150 s 0.43
Biologic VMP | 0.00% 16 bit 0.05% 0.10% 0.02s 0.11
Dalhousie 1in 19999 10 pv 0.05 % 0.0025 % of « <1 s(by 0.01
HPC (0.005%) (over 1 year) | full scale software

interpolation)
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4.3 Design of the Dalhousie High Precision Charger

The required specifications outlined in Table 4.1 were considered in our design of the
HPC. It was decided to equip each channel with a dedicated precision current source
made by Keithley Instruments. The preferred current source was the Keithley 220 despite
the fact that it had been replaced by the more modern Keithley 6220. The Keithley 220,
which is no longer for sale from Keithley, has the exact same specification as the
Keithley 6220 but could be purchased at a quarter of the price. During the American
economic down turn of 2009 numerous Keithley 220s were available from various online
auction sites (such as www.ebay.com) and electronic refurbishing companies. After an
extensive search we were able to purchase 54 Keithley 220s for an average price of
$1000 to be used on 50 of the 60 channels used on our current HPC system. The
remaining 10 channels were equipped with the more expensive brand new Keithley 6220.
Both units communicate via an IEEE interface and have, A/ =+0.05% over 1 year.

The Keithley 220 and 6220 current supplies were calibrated according to the
procedures outlined in the instruction manual supplied with the instrument. One of the
most important features of the Keithley current sources is that the equality between
positive and negative current magnitudes could be carefully controlled. We ensured that
the positive and negative currents matched to within 1 part in 10> during regular and
careful calibrations. Figure 4.2 shows the absolute voltage across a resistor through
which an alternating positive and negative current is passed before (top panel) and after
(bottom panel) calibration. The red arrows indicate an error in current equality of 0.01%.
Since CE is a ratio of the charge and discharge capacities, then careful calibrations of the

charge and discharge currents are essential for good CE measurements. Keithley’s
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published specifications for the 220s and 6220s, used to generate the values for the
Dalhousie HPC in Table 4.2, do not indicate this fact, which is actually the most
important feature for a device designed to measure CE. Furthermore, the Keithley 220
has one current range per decade and the accuracy is £0.05% of full scale for each range.

Most commercial chargers are not equipped with this many current ranges.
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Figure 4.2 The absolute value of the voltage across a resistor with a positive and
negative current of equal magnitude alternating every 6 minutes before
(top panel) and after (bottom panel) calibration. The red arrows indicate
an error in current equality of 1 part in 10,000.

Keithley 2000 scanning-voltmeters were used to monitor the voltage of the cells
during cycling. Unlike the current sources which were each assigned to a single channel,
the voltmeters were designed to sequentially scan over 10 channels. Thus our 60-channel
system had 60 current sources and six Keithley 2000 multimeters. Figure 4.3 shows a
photograph of the Dalhousie HPC system. These voltmeters measure2 V<V <5Vtoa

precision of 10 pV and 0.2 V <V < 1.99 V to a precision of 1 uV satisfying the

requirements for AV given in Table 4.1.
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Figure 4.3 Photograph of the high precision charger at Dalhousie University. Major
components are labeled.

The operating software program used to control the scanning voltmeters and the
current sources was written in LabVIEW™. To achieve the highest voltage precision the
Keithley 2000s needed more than 400 msec just to auto range and stabilize voltage
readings. After these and other operations were completed, an average of 500 msec was
spent per channel, heavily restricting the HPC sampling rate. Under these conditions each
channel could only be monitored every 5 seconds. This rate was not fast enough to meet
the goals set forth for Az in Table 4.1. Therefore, post-processing software was used to
linearly interpolate between the closest data points on either side of the voltage limit (two
right-most points in Figure 4.1) to determine the exact time when the cell potential

crossed the voltage limit. Figure 4.4 shows the CE vs cycle number for a graphite half
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cell before and after the post-processing software. There is a significant reduction in the
noise of the CE measurements, suggesting a noticeable improvement in Az. We estimate
the accuracy of the time determination by this method to be better than one second,
sufficient for C/10 testing as shown in Table 4.1.

1 " T " T " T " T T " T " T " T

| Before Post-Processing Software | After Post-Processing Software |
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Cycle Number

0995 1~ -
0

Figure 4.4 Coulombic Efficiency vs cycle data for a graphite half cell before and after
the post-processing software. The graphite half cell was cycled at C/10
and at a temperature of 30°C.

Figure 4.5 shows the inside of one of the thermostats in Figure 4.3. All cells
tested on the HPC were placed into one of these home-built thermostats set at either 30.0,
40.0, 50.0 or 60.0°C. All the cells are connected to the thermostats through the patch
panel in Figure 4.3, so that any current source can be connected to any cell holder
position. This allowed for full versatility in terms of operating any channel on the HPC at
any temperature offered by the thermostats. All wiring to the cells was done using the
"4-wire" method, with two wires carrying the current and two other wires used to monitor
the voltage of the tested cell. The temperatures in the thermostats were controlled by

either an Omega CNi3233 or Omega 4201 A-PC2 temperature controllers.
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Corners

Figure 4.5 Photograph of the inside of one of the thermostats. Major components are
labeled.
Each thermostat consists of a steel enclosure insulated and encased inside another

steel enclosure. Inner enclosures are equipped with plugs mounted on the back for the

cell holder positions, wrapped with a heating tape (~1/8” thick) and duct tape, than
surrounded by % of polyurethane insulation. This insulation not only serves to help
maintain the temperature of thermostat, but allows the inner enclosure to fit snugly inside
the outer enclosure which is 2” larger in each dimension. Lastly, an aluminum plate is
placed on the bottom of the inner enclosure to act as a heat sink and a small fan is used to
create convection and reduce thermal gradients inside the thermostat.

Figure 4.6 shows the temperature profile of a thermostat monitored by 9
thermocouples and heated to 60°C. After an hour of heating, the temperature inside the
thermostat stabilizes and shows a difference in temperature less then 1K between
different locations inside the thermostat. This precision meets the specifications for AT

given in Table 4.1. Although the temperature inside the thermostat does not reach
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exactly 60.0°C, the consistency in temperature between different locations is the most

important detail in reducing cell to cell error caused by temperature.
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Figure 4.6 Temperature versus time of 9 different locations within the 60.0°C
thermostat as it heats. Minimal temperature variations were observed after
1 hour.
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Figure 4.7 Temperature versus time of the 60.0°C thermostat.
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Figure 4.7 shows the temperature versus time of the 60.0°C thermostat measured
with a resistance temperature detector. After ~ 40 hours of testing the temperature in one
location of thermostat varied by only 0.25 °C. This is well within the < 1K specifications
for AT outlined in Table 4.1. This long term stability in temperature is important because

it helps to reduce errors caused by changes in cell temperature over time.

4.4 Reproducibility of the High Precision Charger

If all the experimental factors above are controlled to within the requirements outlined in
Table 4.1, there will still be a small amount of error in the data. Figure 4.8 shows the CE
versus cycle number of hypothetical Li-ion cells used to demonstrate the three different
ways error can appear in high precision measurements. Figure 4.8A shows the CE versus
cycle number of a single cell and a second order polynomial fit through the data set.
There is scatter (or noise) in the CE measurements about the fitted trend line. The noise
in the data is a result of imperfections in the HPC. In order to reduce this scatter,
equipment with tighter specifications, than those listed in Table 4.1 need to be used.
Figure 4.8B shows the CE versus cycle number for the hypothetical cycling of the same
cell on two different channels. This “channel to channel error” results in a relative shift
in the two data sets. Channel to channel error can be a result of differences between the
current sources used as channels on the HPC. This error can be reduced by using careful
techniques to calibrate the current sources. Figure 4.8C shows the CE versus cycle
number for two supposedly identical cells cycling on the same channel. This “cell to cell
error”, caused by slight differences in the cells, can result in relative shifts between the

two data sets. This error can be reduced by improving cell construction methods. At the
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level of precision available at present discerning the difference between cell to cell and

channel to channel errors can be difficult.
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Figure 4.8 CE versus cycle number of hypothetical Li-ion cells used to demonstrate:

A) scatter in CE measurements, B) channel to channel error and C) cell to
cell error.

Commercially made Li-ion cells were the baseline test used to study the
reproducibility of the HPC. Thirty 18650 sized LiCoO,/Graphite cells (with a capacity of
2400 mAh) were cycled between 3.0 and 4.2 V with an applied current of 100.0 mA and

at a temperature of 30.0°C. The machine-assembled cells were provided by a reputable
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supplier so any difference between the cells was assumed to have originated from the
HPC.

Figure 4.9 shows the CE versus cycle number from the commercial Li-ion cell
reproducibility test. A power failure caused by a hurricane resulted in an interruption of
the second cycle of some of the cells and the data was lost. The left panel of Figure 4.9
shows the individual data points for each cell to demonstrate the small scatter of the HPC.
The right panel of Figure 4.9 compares the CE of a cell tested 6 months earlier and the
average CE from the 30 cells to the left. The error bars represent the standard deviation
(SD) of the 30 cells about their average. The large scale of the CE axis and small scatter
in the data suggests that the reproducibility of the HPC (including single channel scatter
and cell to cell and channel to channel errors) is quite good and that further results can be

trusted to at least +£0.0002.
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Figure 4.9 Left panel — Coulombic efficiency versus cycle number for 30

LiCoO,/graphite 18650-size cells. All cells were charged and discharged
at a C/24 rate at 30°C. The potential limits were 4.2 - 3.0 V for all cells.
Right panel — Average coulombic efficiency of the 30 cells (error bars are
standard deviation) compared to one cell selected for further charge-
discharge cycling and further comparison to other cells.
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Figure 4.10  Coulombic efficiency versus cycle number of 20 prismatic Li-ion cells.

Each panel shows 2 cells with identical cell chemistries. The electrodes
used in each cell are shown on the far right and electrolyte additives are
listed on the top of each panel. The root mean square of the scatter of the
CE values for each cell is shown in the bottom right corner of appropriate
panel. The combined root mean square error for cell to cell and channel to
channel errors is shown in the bottom left corner of the appropriate panel.

Figure 4.10 shows the CE versus cycle number of 20 (wound) prismatic Li-ion

cells cycling at a rate of C/12 and at a temperature of 40°C. The high and low voltage
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LiCoO,/Graphite and Li[Ni;;3Mn;;3Co0,,3]O,/Graphite cells were charged and discharged
between 3.400 - 4.175 V, 3.300 - 4.075 V and 3.300 - 4.225 V respectively. All of the
cells were tested on different channels of the HPC. Each panel in Figure 4.10 shows 2
Li-ion cells made with the same electrode materials, electrolyte and electrolyte additives.
The agreement between all 10 pairs of cells was very good. This suggests, as in Figure
4.9, that the HPC is able to measure CE very accurately. Figure 4.10 also shows that the
noise in the CE measurements is very small. The scatter in the data was calculated by
measuring the root mean square (RMS) between the last 10 data points for each cell and a
second order polynomial fit to each data set. This allowed the noise in the CE
measurements to be compared to a smooth trend line through the center of the data. The
RMS scatter for each cell is shown in the bottom right corner of the appropriate panel.
The average RMS scatter of all the cells was 0.000080 or 80 ppm scatter. The combined
error of the cell to cell and channel to channel errors was calculated by measuring the
RMS error between the polynomials used to fit nominally identical cells measured on
different channels. The combined RMS error for cell to cell and channel to channel errors
is shown in the bottom left corner of the appropriate panel. The average RMS error for
the HPC was found to be 0.000072 or 72 ppm. Unfortunately, the cell to cell and channel
to channel errors can not be separated by the measured performance.

Figure 4.11 shows the CE vs cycle number of 5 identical Li/Graphite coin cells
made by the author. The agreement in the CE measurements was extremely good, and
has an average SD of only + 0.0001 (or 100 ppm — this includes cell to cell and channel
to channel errors). In the author’s opinion, these results are excellent and give confidence

that carefully made coin cells can be used in high precision tests.
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Figure 4.11  Coulombic efficiency versus cycle number of 5 Li/Graphite coin cells at a
temperature of 30°C. All cells were charged-discharged between 1.2-0.005
V and at a rate of C/20.
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Chapter 5 Automated Storage/Cycling System

5.1 Design of the Automated Storage/Cycling System

Capacity loss in Li-ion batteries occurs during storage and cycling. As discussed in
Chapter 3 the loss of active lithium in a cell can occur through a number of different
parasitic reactions. The HPC was introduced as an instrument that can carefully measure
the impact these undesirable reactions have on capacity loss during cycling. However,
such high precision equipment is not yet widely available. Here a relatively simple
instrument designed to perform automated storage/cycling experiments is described.
Storage experiments are easily carried out and often lead to the same conclusions
as test performed on the HPC [73]. Unfortunately, most cell storage studies are
performed in a cumbersome way [60,74]. Initially, the cells are cycled a few times on a
traditional battery tester to measure some initial cell characteristics like capacity,
impedance and cycling rates. The cells are then disconnected from the battery tester and
moved to another location for storage at some temperature. The open circuit voltages of
the cells before and after storage are recorded by hand. After a certain amount of time
the cells are returned to the battery testers for a few more cycles to evaluate the effect that
the storage period had on the cells. This is done by comparing the cycling results of the
same cell before and after storage. In order to improve upon these traditional storage
studies it was necessary to automate this procedure. Automating this procedure also gave
us the ability to monitor the open circuit voltage of the cell during storage. The precision

current sources, accurate voltage measurements and thermostats described in Chapter 4
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were also used. This was done so that the voltage of the cell and cell capacity before and
after storage could be accurately measured.

Figure 5.1 shows a photograph of the 40 channel automated storage/cycling
system at Dalhousie University. The Keithley 2000 scanning voltmeters were designed
to sequentially scan over 20 channels, measuring the voltage of each cell every %4 seconds
while the cells are cycling and every six hours while the cells are on storage. Each
Keithley 220 precision current source supplies service to 10 channels. The Keithley 705
scanner switches the current supplied by the Keithley 220s to which every cell requires
cycling. When that particular cell is finished cycling the Keithley 705 switches the
current to the next cell in that group of 10. An important feature of the Keithley 2000 and
Keithley 705 is that they use mechanical relays which allow the cells to be under true
open circuit conditions during storage. The storage/cycling system is controlled by the
computer running an in-house software program written in VisualBasic.NET. This
system was built and improved on by a collection of different collaborators in the Dahn
lab including Chris Burns, Dillon Coyle, Jackson Dahn, Nupur Sinha, Hannah Dahn,
David Stevens and the author of this thesis.

Figure 5.2 shows a schematic of a typical storage/cycling test. Before a cell is put
on storage it is cycled a few times and the initial discharge capacity (Do) of the cell is
measured. The cell is then discharged to a predetermined voltage and the Keithley 705
scanner opens a mechanical relay leaving the cell electrically isolated for storage. During
this period the cell is kept at a fixed temperature and the open circuit voltage of the cell is
measured briefly (less then 1 sec) every 6 hours. After the storage period is completed

the open circuit voltage is measured one last time to observe how much the voltage of the
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Figure 5.1 Photograph of an automated storage/cycling system at Dalhousie
University. Major components are labeled.

cell has changed during storage (Vqrop). The cell is than connected to a current source for

additional cycling. The discharge capacity immediately after storage (D;) and the

discharge capacity of the fully charged cell after storage are noted (D;). The

storage/cycling test can be repeated as necessary.

56



4.4

—

Voltage (V)
W
»

3.2 | 2
Do D: D:
2.8 | L | ! | | | J
0 200 400 600
Time (hrs)
Figure 5.2 Schematic of the testing protocols used for storage/cycling tests and an

illustration of Do, Dy, D, and V grop.

Figure 5.3 shows the potential - capacity curves of the positive and negative
electrodes in a hypothetical LiyCoO, / LiyC¢ cell. As stated in Equation 1.1, the open
circuit voltage of a Li-ion cell is determined by the potential difference between the
positive and negative electrodes. When the cell is fully charged the potential — capacity
curve of the LixCq electrode will be in a region that is fairly flat. Therefore, any process
which removes active lithium from a LiyCs electrode during storage will have a minimal
effect on the open circuit voltage of the cell. By contrast, the potential-capacity curve of
the LiCoO; electrode changes significantly in this region. Therefore, during storage
changes in the potential difference between the electrodes of a fully charged cell are
mostly caused by processes occurring at the positive electrode. For example, transition
metal dissolution (qoxb — Figure 3.3) and electrolyte oxidation (qox — Figure 3.2) can

cause excess lithium in the electrolyte to be added to the positive electrode and thus
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reduce the open circuit voltage of the cell. Conversely, lithium lost from the LiCs due to
SEI growth (qu; — Figure 3.1) will not affect the open circuit voltage of the cell.
Electrolyte oxidation can also affect the lithium content of the negative electrode,
because as excess lithium is put into the positive electrode from the electrolyte less

lithium needs to be sent from the negative electrode and is left here.
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Figure 5.3 Potential versus capacity of the positive and negative electrodes in a
hypothetical LiyCoO, / LixC¢ cell. The parasitic currents which affect the
Li content of the positive and negative electrode during storage are shown.

5.2 Li Accounting for Storage/Cycling Experiments

To understand how D;, D, and Vg, depend on the parasitic reactions discussed in

Chapter 3, a Li inventory model for storage/cycling experiments is introduced. As in
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Tables 3.1, 3.2 and 3.3, the storage/cycling inventory model in Table 5.1 follows all the
active lithium in the cell during the different periods. For the purposes of this model it is
assumed that the cell has completed a single formation cycle and has finished in a fully
charged state just before storage. It is also assumed, as shown in Figure 5.3, that the
negative electrode is the limiting electrode at the bottom of discharge, similar to Cell B in
Figure 3.6. Thus, when the cell is fully discharged, the negative electrode is completely
emptied of active lithium and a capacity, K, is still available to receive additional lithium
in the LiCoO, electrode. Before storage (the second column of Table 5.1) the number of

active lithium atoms and ions in the electrodes, SEI and electrolyte are initialized to:

Active Li in the positive electrode: 0

Li" in the electrolyte: E

Inactive Li in the SEI: S

Active Li in the negative electrode: O, - K

Sum: @, - K+ E+ S,

where E and S are the initial capacities of Li" and Li in the electrolyte and SEI
respectively. The sum shows that the total number of Li atoms in the cell is simply equal
to Qo— K+E+8S.

The cell is then put on storage (third column of Table 5.1) for a certain amount of
time and various parasitic reactions take place which relocate the active lithium. After the

storage period is completed, the Li is distributed as follows

59



Active Li in the positive electrode: o + qox”

Li" in the electrolyte: E - qox*

Inactive Li in the SEIL: S + q;

Active Li in the negative electrode: O, — K — qy; - qoxb

Sum: Q,-K+E + S,

The labeled arrows in Figure 5.3 show how parasitic reactions change the content of the

active Li in the electrodes during storage. After storage, the sum of active lithium is still

equal to Q, —

accounted for.

K + E + S, showing that all of the Li atoms or ions in the cell can be

Typically, the time taken by a cell for a single charge or discharge will be

considerably shorter than the time spent on storage. Therefore, the amount of Li lost to

side reactions during cycling is neglected in this analysis. Table 5.1 shows the capacity

of Li in the electrodes, electrolyte and SEI for Dy, first charge after storage (C;) and D5 in

the 4™, 5™ and 6™ columns, respectively. Table 5.1 also shows the cycle capacity of the

cell for each period.

Table 5.1 Capacity inventory of a storage cell in Figure 5.3 for one storage period
and 1 2 cycles
Initial After Storage | First Discharge First Charge Next
State (D) After Storage After Storage Discharge
(Dy) (CH (D2)
Electrolyte E E - Qox’ E - Qox" E - Qox" E - Qox"
Pos. Electrode 0 qoxa + qoxb Qo -K- qui + qoxa 0 (20_I<_qLi-"_qoxa
Active Li in QO'K Qo -K- qui - 0 Qo -K- qLi + qoxal 0
Neg. Electrode qo,(b
SEI S S+qu S +qui S+qu S+ qui
SUM Q,-K+E+S | Q,-K+E+S Qo,-K+E+S Qo,-K+E+S Q,-K+E+S
Cycle Capacity Qo'K'qLi'qoxb Qo-K-qri-gox” Qu-K-qritqox"
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As discussed above, changes in the open circuit voltage of a cell during storage
are caused by reactions which add Li into the positive electrode. As shown in Figure 5.3,
if the differential capacity, dQ/dV, of the positive electrode is mostly constant for the

range of potentials during V 4p then

Virop * dQ/AV = qoy* + Qox” (5.1

The difference in cell capacity directly before and after storage is:

Do— D1 = qui + Qox’ (5.2)

Dy — D, shows the total capacity lost while the cell was on storage. This is often referred
to as the self discharge of a cell.
The difference in cell capacity before storage and after the cell has been fully

charged after storage is:
Do — D> =qri ~ ox (5.3)
Dy — D, is known as the irreversible capacity loss during storage.
The difference in cell capacity after the cell has been charged after storage and the

capacity of the cell directly after storage is:

D,—-D; = qoxa + qoxb = (Vdrode/ dV) (54)
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D, — D; is the reversible capacity loss of the cell. Equation 5.4 also suggests that D, — D,
can be related to Equation 5.1. Therefore, the product of the differential capacity and
voltage drop of the cell during storage can be related to the reversible capacity loss
during storage.

Initially, it may appear that Equations 5.2 — 5.4 can be solved to find qp;, qox" and
qoxb in terms of Dy, D, and D,. Unfortunately, the three equations are not independent of
each other. However, these equations can still be used to give insights into how different
parasitic reactions affect the life times of Li-ion cells.

The quantities measured during storage can also be related to high precision
charger measurements. Chapter 3 showed that CE, capacity fade and charge and
discharge endpoint slippage are all affected by the same parasitic reactions which affect
the storage experiments. For example, Equation 3.12 shows that the charge endpoint
slippage (AC) is also caused by electrolyte oxidation (Io") and shuttle mechanisms (onb).
Therefore, since the measurements of Vgop, and D, — D; are dependent on the same
variables correlations between the storage and high precision cycling measurements can

be found.
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Chapter 6 Differential Analysis Techniques

6.1 Differential Capacity and Voltage Analysis

A common technique for observing gradual changes in Li ion cells is differential
(incremental) capacity, dQ/dV(V, n), and differential voltage, dV/dQ(Q, n), analysis, as a
function of cycle number, n [34,35,75-81]. Differential measurements versus cycle
number offer greater sensitivity than those based on traditional V(Q, n) measurements
and can probe cell degradation over a cycle-life test. Most notably, Duberry et al., have
shown that with some thoughtful considerations, many sources contributing to capacity
fade can be identified using dQ/dV(V, n) analysis [79-81]. However, in their papers
relatively large changes in dQ/dV(V, n) with cycling were observed. Had they studied a
cell chemistry which was more stable, such changes would not have been so easily
measured.

Figure 6.1 shows dQ/dV and dV/dQ plotted versus voltage or capacity of a
commercial LiMn,O4/Graphite cell. In this thesis, for the i"™ data point of a charge-

discharge cycle dV/dQ(i) was calculated as,

(i) = 6.1)

and dQ/dV(i) was taken as the inverse of Equation 6.1. Thus, in spread sheets, for
example, columns of 1, Vi, Q;, dV/dQ(i), and dQ/dV(i) could be created for each cycle
easily. The advantage to using differential analysis is that plateaus and slopes in the

voltage versus capacity curve, V(Q, n), of a Li-ion cell can appear as clearly identifiable
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peaks in dQ/dV and dV/dQ, respectively. The main difference between the two is that
peaks in dQ/dV represent phase transitions and peaks in dV/dQ represent single phase
regions in the lithiated state of the electrode material. Differential analysis curves can
also be plotted versus voltage or capacity depending on what needs to be observed.
Plotting versus voltage allows differential peaks to be identified by the characteristic
onset potentials and changes in the peaks from one cycle to next can help detect problems
in the electrode materials and the growth of cell impedance. Differential analysis versus
voltage is especially useful in half cells where the lithium reference/counter electrode
maintains a constant potential of 0.00 V versus Li+/Li with cycling. Thus, changes in the
location of the differential peaks originate from the working electrode. Alternatively,
differential curves plotted versus capacity allow changes in the capacity of the positive

and negative electrodes to be measured with greater sensitivity.
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Figure 6.1 dQ/dV and dV/dQ versus voltage and capacity for a LiMn,0/Graphite
18650 sized cell.
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6.2 Delta Differential Capacity Analysis

Even the best lithium-ion cells degrade slightly from one charge-discharge cycle to the
next and these degradations can be studied using high quality differential analysis.
Unfortunately, typical battery test equipment, availably commercially, cannot make such
measurements, even after many cycles. In order to increase the sensitivity to small
amounts of cell degradation “delta dQ/dV analysis” is introduced here as the difference
between the differential capacities of the n™ and m™ cycles, i.e. AdQ/dV(V, n, m) =
dQ/dV(V, n) — dQ/dV(V, m). AdQ/dV(V, n, m,) was calculated using a simple in-house
program which measures the difference between the differential capacities of the n™ and
m,™ cycles (i.e. dQ/dV(V, n) — dQ/dV(V, m,)), where m, is the number of formation
cycles. This was done by taking each data point from dQ/dV(V, n) and determining, by
linear interpolation, what dQ/dV(V, m,) would have been for the same V. No averaging
or smoothing was used in any of the dQ/dV(V, n) or AdQ/dV(V, n, m,) calculations, only
finite differences between data points collected 0.005 V apart. This was done so fine
features were not smeared out in potential. AdV/dQ(V, n, m,) could also be used in delta
differential analysis, however AdV/dQ(V, n, m,) would produce similar results as
AdQ/dV(V, n, m,). Therefore, only AdQ/dV(V, n, m,) is used in this thesis for
consistency.

Figure 6.2 shows dQ/dV(V, n) vs. V (top row) and AdQ/dV(V, n, 2) vs. V
(bottom row) for three commercial LiCoO,/Graphite 18650 cells being cycled on 3
different battery testers at a rate of C/24 and a temperature of 30°C. The three battery

testers used in this experiment were a Maccor series 4000 battery tester (right column),
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an E-one Moli Energy computer-controlled battery tester (middle column) and the HPC

(left column). A review of Table 4.2 shows that the HPC has the best specifications of

the three battery testers described here. The small insets in Figures 6.2D and 6.2E show

an expanded view of the AdQ/dV(V, n, 2) vs. V measurements on the HPC and Moli

tester respectively. The top row of Figure 6.2 suggests that the commercial cells are very

stable for the first 20 cycles since dQ/dV(V, n) are virtually indistinguishable as a

function of n on the plotted graphs. Figure 6.2D shows the HPC was able to measure

dQ/dV(V, n) with enough resolution so that clear noise-free changes could be observed in

AdQ/dV(V, n, 2) forn =5, 10, 15 and 20. The AdQ/dV(V, n, 2) vs. V results measured
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dQ/dV(V, n) versus V (Top Row) and AdQ/dV(V, n, 2) versus V (Bottom
Row) for three LiCoO,/Graphite 18650 cells being cycled on three
different battery testers at a rate of C/24 and at 30°C. The three battery
testers are the High Precision Charger at Dalhousie University (left
column), an E-One Moli Energy computer controlled battery tester
(middle column) and a Maccor series 4000 battery tester (right column).
The insets show an expanded view of the AdQ/dV(V, n, 2) vs. V panel.
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by the Moli charger and the Maccor tester, Figures 6.2E and 6.2F respectively, are so
noisy as to be unusable.

Figure 6.3 shows dQ/dV(V, n) vs. V (top row) and AdQ/dV(V, n, 1) vs. V
(bottom row) of two hypothetical cells experiencing two common changes in dQ/dV(V,
n) vs. V. Figure 6.3A shows a dQ/dV peak fading with continued cycling, an event that
might be associated with active material loss. Figure 6.3B shows a dQ/dV peak shifting
to higher potentials with cycling possibly because of a relative slip in capacity of the two
electrodes in the cell, caused by SEI growth and/or electrolyte oxidation. Figure 6.3C
shows AdQ/dV vs. V for the cell in Figure 6.3A. As the dQ/dV peak gets smaller with
cycling, the AdQ/dV peak grows by an equivalent amount. Figure 6.3D shows AdQ/dV
vs. V for the cell in Figure 6.3B. As the dQ/dV peak shifts to higher potentials, peak-
valley pattern emerges in the AdQ/dV vs. V curves centered about the average potential
of the dQ/dV vs. V peak. Figure 6.2D shows the same peak-valley shape in the
experimental AdQ/dV(V, n, 2) vs. V curves that is shown in Figure 6.3D. These peak-
valley shapes are associated with the dQ/dV(3.75V, n) peak and dQ/dV(3.85V, n) dip
shifting to higher potentials with cycling. This is because the negative electrode slipped
to higher relative capacities than the positive electrode, causing the negative electrode
features in dQ/dV(V, n) vs. V to shift to higher potentials. This slippage to higher
relative capacities also caused the AdQ/dV vs. V features below 3.70 V. However, due to
the close proximity of the dQ/dV(3.65V, n) and dQ/dV(3.69V, n) peaks, these AdQ/dV
vs. V peaks interfered with each other and did not produce a clear peak-valley shape as

cycling proceeded.
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Figure 6.4 shows the voltage across a 1500 Q resistor vs. time by applying a
constant current of 0.2000 mA from each of the three battery testers. The resistor test on
the HPC was the most stable and showed the least noise over time. The Moli tester had
approximately the same amount of noise as the HPC, but required more time to settle to a

constant value. The resistor test on the Maccor showed the most noise of the three

AdQ/dV(V,n,1) dQ/dV(V,n)

Voltage
Figure 6.3 dQ/dV(V, n) versus V (top row) and AdQ/dV(V, n, 1) versus V (bottom
row) for two hypothetical cells as described in the text.
battery testers but was still within the £0.02% specification of the system, based on
0.02% of the full scale current of 5.00 mA. Figure 6.2 also shows less noise in
AdQ/dV(V, n, 2) vs. V measured by the Moli tester than by the Maccor. In calculations
of dQ/dV(V, n) and AdQ/dV(V, n, m,), not only does the charge passed between adjacent
data points need to be accurately measured, but so does the potential. The Maccor has a

smallest bit resolution in voltage of 153 pV, so the error in dQ/dV will be at least 3% if
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data is recorded every 5.00 mV. By contrast, the Moli tester and the HPC measure to a
smallest voltage step of 10 puV. This suggests that good voltage resolution is very

important in order to have high resolution dQ/dV(V, n) and AdQ/dV(V, n, m,) data.
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Figure 6.4 Voltage versus time across the 1500 Q resistors with a constant current of

0.2 mA applied by the three different battery testers. The double headed
arrow indicates an error of 0.1%

We suggest that delta dQ/dV analysis can serve as an excellent quality control
method for Li-ion cells destined to long-lived applications. Cells exhibiting no
degradation at all would have AdQ/dV(V, my+n, m,) = 0 for all V and n. Thus, in a
single cycle or in a few cycles, manufacturers and purchasers could ensure that no
unexpected advanced degradation was occurring. Unlike many other analysis methods
that require long term cycling in order to observe changes in a cell, high resolution
AdQ/dV(V, n, m,) vs. V measurements can observe even small effects in only a few

cycles.

69



6.3 Computational Differential Voltage Analysis

Many different techniques have been developed to study how Li-ion cells age and
ultimately lose capacity, including the incorporation of a Li reference electrode into the
cell [82—89]. The insertion of a reference electrode, which allows the potential versus
capacity curves for each electrode to be measured, into commercially available Li-ion
cells is not a trivial task. In fact, some authors believe an inserted reference electrode
interferes with cell behavior and may provide misleading information [89]. Therefore, a
less intrusive approach must be taken in order to obtain reliable measurements of the
potential versus capacity relations of each individual electrode versus Li, as the full Li-
ion cell is charged and discharged repeatedly. Such measurements can lead to a detailed
understanding of cell degradation mechanisms.

One technique proposed by Bloom et al, showed that dV/dQ(Q) analysis could be
used to understand changes in Li-ion cells [90-92]. They showed that dV/dQ(Q) data
from positive (dV/dQ(Q),) and negative (dV/dQ(Q),) half cells made from electrode
materials used in full cells could be used to calculate the dV/dQ(Q)¢ for a "theoretical" Li-

ion cell,

dV/dQ(Q)r = dV/dQ(Q)p - dV/dQ(Q)n (6.2)

Figure 6.5 shows the dV/dQ(Q) versus capacity of a real LiMn,O4/graphite full cell, a
LiMn,O4/Li half cell, a graphite/Li half cell and the dV/dQ(Q); of a theoretical
LiMn,O4/graphite full cell calculated using Equation 6.2. For clarity the dV/dQ of the
graphite/Li half cell has been inverted. Figure 6.5 shows that the calculated dV/dQ(Q)s

curves could be matched to experimental data from a real full cell made with the same
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electrode materials. The fit was made by adjusting the relative shift and capacities of the

half cells, thus it is a reflection of the condition of the positive and negative electrodes in

the real full cell.
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Figure 6.5 dV/dQ versus capacity of a real LiMn,04/Graphite full cell (black), a
calculated LiMn,O4/Graphite full cell (purple), a LiMn,O4/Li positive half
cell (red) and a Graphite/Li negative half cell (blue).

Using differential capacity analysis a researcher could improve their
understanding of the different aging and capacity fade mechanisms in their Li-ions cells.
In the experiment performed by Bloom et al. all their calculations were done manually in
Microsoft Excel and their dV/dQ(Q) data was noisy because of the poor testing
equipment used. Here an automated dV/dQ analysis program written in VB.NET which
uses high quality dV/dQ(Q) data from the HPC is introduced [34]. Using this program it
was possible to identify different aging mechanisms in Li-ion cells much faster and with

superior fits than the work preformed by Bloom et al.
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Initially, half cells were made with electrodes identical to the positive and
negative electrodes used in the full cells of interest. The half cells are then cycled slowly
on the HPC at the same temperature as the full cell. Cycling the half cells at the same
temperature as the full cell is important, because new phases and phase transitions can
emerging in the active material at different temperatures which can impact the dV/dQ(Q)
curve of the electrode and subsequently the Li-ion cell [93]. It is not necessary for the
full cell results to be collected on the HPC, however, the more pristine the dV/dQ(Q)
results are the better the fits will be.

The dV/dQ analysis program takes the measured half cell potential versus specific
capacity (q) data cycled on the HPC and produces a "reference" dV/dQ(Q) curves for the

positive and negative electrodes

dV/dQ(Q), = 1/m, dV,/dq, (6.3)

dV/dQ(Q), = 1/m, dV,/dq, (6.4)

where m,, and m,, are the active masses of the positive and negative electrodes in the Li-
ion cell, respectively. The values of dV/dQ(Q), and dV/dQ(Q), are calculated at equally-
spaced values of Q using linear interpolation. A resolution of 10,000 Q points was used
for each reference curve. No data smoothing or averaging was done. A calculated full
cell dV/dQ(Q) curve was calculated, using Equation 6.2, by subtracting the dV/dQ(Q)
reference curve of the negative electrode from that of the positive electrode. The Qs of

the positive and negative electrodes in the Li-ion cell were calculated by
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Q=qpm,+3, (6.5)

Q=qnmy+d, (6.6)

where 6, and o, are the positive and negative electrode slippages, respectively. The
relative capacity of a Li-ion cell at the bottom of discharge was taken to be Q = 0 for
each cycle. This can be accomplished by fixing the & of the limiting electrode at the
bottom of discharge and changing the 6 of the opposing electrode to adjust the relative
slippage between the electrodes. The absolute capacity of a Li-ion cell moves to higher
relative capacities with each successive cycle. In this case both &, and 8, must increase
with cycling. The user and software package can then adjust m;,, my, §, and J, to give the
best agreement, in a least squares sense, between the measured and calculated dV/dQ(Q)
for each cycle of the cells. Confidence in the interpretation of the degradation
mechanisms of cells can be achieved when a match is made between theory and
experimental data, such as in Figure 6.5.

Figure 6.6 shows V(Q) versus the relative (Figure 6.6A) and absolute (Figure
6.6B) capacities of a commercial LiMn,O4/graphite Li-ion cell cycled at a rate of C/56
and at a temperature of 60.0°C. Arrows are added to indicate the general direction of the
charge and discharge endpoints from one cycle to the next. The capacity axis in Figure
6.6A assumes that the capacity of the cell starts at Q = 0 at the bottom of discharge. As
the relative slippage between the electrodes increases and m, decreases, the capacity of
the cell shrinks and the charge endpoint moves to smaller capacities. The capacity axis in
Figure 6.6B tracks the accumulated capacity of the cell, assuming that the capacity of the

cell after the first discharge was 0.00 mAh. The V(Q) curve of the cell moves to the
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higher relative capacities as 6, and 6, increase. Figures 6.6A and 6.6B show that the

capacity of the LiMn,04/graphite cell drops rapidly with cycle number at 60°C.
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Figure 6.6 Voltage versus relative (A) and absolute (B) capacity of a
LiMn,O4/graphite Li-ion cell charged and discharged at C/56 and 60°C.

Figure 6.7 shows dV/dQ(Q) versus relative capacity (top row) for the
experimental data (red line) and the theoretical fit (black line) forn =1, 3, 6 and 9 of a
LiMn,O4/graphite cell. The theoretical dV/dQ(Q) curves match the experimental curves
very well. This suggests that the model is good and that the electrode slippage and
capacity reduction rates are correct. Figure 6.7 also shows the voltage vs capacity of the
theoretical full cell (2" row of panels). The reference V(Q) curves of the positive and
negative electrodes versus Li are shown in the 3™ and 4™ rows of panels in Figure 6.7.

These curves have been positioned so that the calculated dV/dQ(Q) match the
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In these calculations, the capacity of the graphite

0.99% of the initial capacity with each successive cycle. This can be seen in

electrode has been uniformly reduced by 0.5% per cycle (implemented by multiplying the
calculations also showed that the relative slippage between the electrodes increased

negative electrode has not been reduced by cycling, while the capacity of the positive
3 row of Figure 6.7 which shows the positive electrode reference curve slipping to

capacity axis of the reference curve by 0.995 in each successive cycle).

lower relative capacities than the negative electrode.

experimental dV/dQ(Q) curves.
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(Top Row) Experimental dV/dQ(Q) data for the LiMn,O./graphite cell
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Figure 6.8 The relative (A) and absolute (B) capacities of: the reference graphite
electrode when it was empty and full of lithium (red curves); the reference
Li,Mn,Oy electrode when it reached 4.3 V and when it was full of lithium
(blue curves); and the capacity of the experimental cell in the charged
state (black curve).

Figure 6.8 shows the relative (Figure 6.8 A) and absolute (Figure 6.8B) capacities
of: the reference graphite electrode when it was empty and full of lithium (red curves);
the reference Li,Mn,O, electrode when it reached 4.3 V and when it was full of lithium
(blue curves); and the capacity of the experimental cell in the charged state (black curve),
all plotted versus cycle number for the same reference electrodes and cell data in Figure
6.7. In Figure 6.8A, Q = 0 represents the capacity of the experimental cell in a fully

discharged state at 3.0V. Figure 6.8 shows that the Li-ion cell becomes fully charged

(reaches the upper voltage limit of 4.2 V) before the positive electrode reaches 4.3 V vs.
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Li (upper blue curve in all panels) and before the negative electrode is completely filled
(upper red curves in all panels). This is by design to ensure that lithium does not plate on
the negative electrode and that the positive electrode is not charged to excessively high
potentials. Figure 6.8 shows, as in Figure 6.7, that the capacity of the positive electrode
decreases slowly with cycling (capacity difference between the two red curves) and that
the capacity of the negative electrode remains constant for the first ten cycles.

A LiMn,0O4/graphite cell at 60°C was deliberately picked to illustrate this dV/dQ
analysis, because the electrode slippage and capacity loss in the cell is dramatic over a
few charge-discharge cycles. This method can also be applied with success to more
stable cell chemistries like LiCoO,/graphite cells using the principles of delta dQ/dV
analysis described above. However, in the case of AdQ/dV(V, n, m,) analysis full cell
data would also have to be measured with an HPC.

High precision constant current chronopotentiometry and coulometry coupled
with a dV/dQ analysis program can be used to eliminate or reduce the need for reference
electrodes in full Li-ion cells. With this method, various battery aging mechanisms such
as SEI growth, electrolyte oxidation and positive electrode capacity loss can be
differentiated and measured. Such a straightforward and non-intrusive method offers an
exceptional way to observe the natural behaviors and aging of many battery chemistries.

There may be no better way to determine cell health in commercial cells.
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Chapter 7 Material Analysis

7.1 X-ray Diffraction

Powder X-ray diffraction (XRD) is a non-destructive technique used to study the solid
state structure of a sample. The application is particularly sensitive to small changes in
the crystal structure of a series of samples. For more information about powder X-ray
diffraction please refer to Cullity [94] and Warren [95].

All XRD patterns were collected with a Siemens D5000 powder diffractometer
equipped with a Cu target X-ray tube and a diffracted beam monochromator. The D5000
is designed such that the powder samples are positioned on a fixed plate and the tube and
detector arms are set at an angle 6 with respect to the sample and an angle 20 from each
other. The slit widths used on the diffractometer were 0.5° divergence, 0.5° anti-scatter
and 0.6 mm receiving, which provided XRD patterns with a resolution of about 0.12° full
width half maximum at 20 > 50°.

In this study, all of the XRD samples were air sensitive electrode materials
recovered from cells that had cycled many times. In order to prevent the samples from
air exposure they were carefully prepared in a He-filled glove box. To protect the
samples outside the glove box, a special air-tight container was used, equipped with a
zero background holder (ZBH) [96]. The ZBH was made from a single crystal of silicon
cut along the 510 plane, which produces no coherent scattering during XRD. The 510
plane of silicon produces of no coherent scattering because it has a structure factor of

Z€10.
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7.2 Surface Area Measurements

The basic principle of a single-point Brunauer—-Emmett—Teller (BET) surface area
measurement is that gas, at a certain partial pressure and temperature, will form a
monolayer on the surface of a solid. The surface area of the solid can then be measured
by counting the number of adsorbed molecules. The BET surface area analyzer used in
this experiment was a Micromeritics Flowsorb II 2300. Please refer to the classic paper
by Brunauer, Emmett and Teller for more information about BET [97].

Figure 7.1 shows a schematic diagram of the Micromeritics Flowsorb II 2300
surface area analyzer. In this study the surface area of mesocarbon microbeads (MCMB),
carbon black and three graphite electrodes (with different weight to weight ratios of the
active material, carbon black and binder) were determined with BET surface area
measurements. Before each measurement the test samples were carefully weighed (~500
mg) and then placed in an air tight glass container connected to the BET. The samples
were then degassed by heating to 160°C for at least 1 h. After degassing, a constant flow
of the mixed gas was passed over the test samples and the glass container holding the
sample was submerged in a bath of liquid nitrogen. The matched thermal conductivity
cells on the Flowsorb were then used to measure the difference in concentration of N,
before and after the gas was passed over the test sample. Assuming a constant flow of
gas, the volume of N, being absorbed by the sample can be integrated from the difference
measured by the conductivity cells. The volume of N, being desorbed from the sample
can also be measured by heating the test sample to room temperature in a bath of
lukewarm water. For calibration purposes, a syringe can be used to introduce a known

quantity of N, gas through the septum on the analyzer and into the inline gas flow. The
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Flowsorb uses a gas mixture of Ny:He (30:70 mol%) which is cooled in the in-line cold
trap which helps to reduce impurities in the initial gas mixture. The filter is used to
prevent the sample from contaminating the rest of the apparatus. The flow meter is used
to ensure the desired flow rate and the back diffusion restrictor acts to reduce changes in

the flow rate due to changes in the back pressure.

Matched Thermal
Gas In Conductivity Cells Gas Out

NS ]
£ c
] — E qh-’ e i —
Q. = 2 @ 9
O L ) ©
Eeavie: = (3%
o
5 (3é
\_/ L. @
m
Cold Trap
Test Sample
Figure 7.1 Schematic diagram of the Micromeritics Flowsorb II 2300 surface area
analyzer

7.3 Atomic Absorption Spectroscopy

Atomic Absorption (AA) spectroscopy is an analytical technique which uses the
absorption of light by free atoms in a gas to determine the variety and quantity of the
absorbing elements. For a more detailed explanation of AA spectroscopy please refer to

Salvin [98].
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In this work, metal ion dissolution from the working electrode of half cells was
measured with AA spectroscopy. After cells had been cycled many times they were
carefully dissembled to recover the spacer (which contacts the Li foil), Li electrode and
the separator closest to the Li electrode. These were then put into a Nalgene bottle
containing 10 ml of 0.1 M HCl in distilled water. After the Li electrode finished reacting
with the water, the separator and spacer were removed and the solution was sent away for
AA analysis. AA analysis was performed at the Mineral Engineering Centre of

Dalhousie University.
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Chapter 8 SEI Growth in Li/Graphite Cells

One of the greatest challenges in improving the calendar and cycle life of Li-ion batteries
at elevated temperatures is to improve the stability of the SEI on the negative electrode.
Over the past three decades the formation of this film has been extensively studied by
many researchers [9,52,57,99—105]. Most notably Aurbach et al. have studied the effect
of different additives and electrolytes on SEI composition [9,52,57,105]. Despite these
advancements, fully stable SEI layers on the negative electrode have not yet been created
and thus the lifetime of Li-ion batteries is not infinite.

Here, the HPC was used to study the CE and charge and discharge endpoint
capacities of Li/graphite coin cells cycled at various rates and temperatures. CE is a
sensitive measure of the amount of Li consumed by the growth of the SEI each cycle.
The charge and discharge end point capacities directly track the total irreversible
capacity and the total capacity transferred to the graphite electrode, respectively, with
cycling. A high precision charger is required to perform these types of measurements —

small errors in currents lead to large cumulative errors after many cycles.

8.1 Experiment

All Li/graphite cells used in this experiment were made with MCMB (Osaka Gas, heated
to ~2650°C), Super-S carbon black (MMM Carbon, Belgium) and a PVDF (Kynar 301F
Elf-Atochem) binder. The weight to weight ratios of the active material, carbon black
and binder used in the graphite electrodes were 86:7:7, 90:5:5 or 95:3:2, and are referred

to as such here. All of the electrodes were dried under vacuum at 90°C overnight. The
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electrolyte used in all of the cells was 1 M LiPFs in an ethylene
carbonate/diethylcarbonate [1:2 v/v, Novolyte Technologies] solution. Coin-type cells,
as shown in Figure 2.4, were made with two Celgard 2300 separators, a lithium foil
common counter and reference electrode and the graphite electrodes described before.
All cells were charged and discharged with a constant current between 1.2 and 0.005 V.

In order to observe the behaviour of Li/graphite cells cycled at different
temperatures and rates, six cells were made with 86:7:7 electrodes. These cells were then
cycled at either C/10 or C/24 and at temperatures of 30.0, 40.0 and 50.0°C. To observe if
these trends held over long times, one 95:3:2 electrode was also cycled at a rate of C/20
and a temperature of 40.0°C for ~1100 hrs.

Lastly three cells made with either 86:7:7. 90:5:5 or 95:3:2 electrodes were cycled
at C/26 and at a temperature of 30.0°C. Carbon black has a much larger surface area than
graphite so comparing the three electrodes allowed for the impact of total surface area to
be studied. BET surface area measurements for MCMB, carbon black and the three
electrodes materials were made using the Micromeritics Flowsorb surface area analyzer
described in Chapter 7.2.

All Li/graphite cells were tested on the HPC.

8.2 Results

A simple model for SEI growth can be formulated similarly to the growth of oxides on
metals. A metal exposed to air reacts to form an oxide which helps passivate the surface
and slows further reaction. Similarly, lithiated graphite exposed to electrolyte reacts to

form an SEI which helps passivate the surface and slows further reactions. Lawless
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reviewed numerous models of oxide growth on metals which he showed followed a huge
variety of rate laws [106]. The simplest of these is the "parabolic growth law" which
assumes that the rate of increase in the thickness of the passivating layer, x, is inversely

proportional to the thickness of the layer:

dx/dt = k/x (8.1)

where k is a proportionally constant. Equation 8.1 is similar to the findings of Phoehn et
al. [59] who showed that k is proportional to the product of the specific conductivity of
the SEI and the surface area of the negative electrode. Thus, Equation 8.1 postulates that
the growth rate of the SEI (or how much Li is consumed by the growth of the SEI) is
proportional to the conductance of the SEI, which decreases as the SEI thickens.

Equation 8.1 can be rewritten as:

xdx =k dt

and integrated to give:

x> =kt+C.

If the thickness is taken to be x = 0 at t = 0, then the constant, C is zero and one can write:

x =2k t)"2, (8.2)
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The rate of change of the thickness of the passivating layer is given by combining
equations 8.1 and 8.2, to give:

dx/dt = (k)" ¢ (8.3)

In a Li/graphite cell, it is believed that the SEI begins to form as lithium is
transferred electrochemically to the graphite electrode. With continued cycling more and
more Li is irreversibly consumed as the SEI thickens. The total amount of Li consumed
is directly proportional to the SEI thickness (which might be described by Equation 8.2)
and the amount of lithium consumed by SEI growth is directly proportional to the
irreversible capacity each cycle (which might be described by Equation 8.3). Therefore,
it is important to carefully measure the total accumulated irreversible capacity and the
irreversible capacity per cycle and compare them to the predictions of Equations 8.2 and
8.3. Many researchers studying the failure of Li-ion batteries have identified this
capacity loss versus ¢ (or equivalent) relationship and have demonstrated that their
models fit experimental data very well [54,107—109].

The HPC can accurately monitor the growth in the irreversible capacity of the cell
over many cycles. After 10 C/10 cycles, the total error in accumulated irreversible
capacity 1s only 0.2 %. After 100 C/10 cycles it is only 2 %. In the case of negative
electrode half cells the CE can be related to the irreversible capacity per cycle ,or charge
endpoint slippage (Ac), by:

Ac=(1-CE) Q,, (8.4)
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Equation 3.10 showed that the CE of a full cell is related to the irreversible capacity

(discharge endpoint slippage, Ap) of the cell at the bottom of discharge, or when the

negative electrode is completely empty. Equation 8.4 measures the irreversible capacity

at the top of charge which in the case of negative half-cells is also when the negative

electrode is completely empty. Therefore, the two equations are similar because they

both measure the capacity lost during one cycle of a cell in terms of the limiting

electrode.
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86



Figure 8.1A shows the capacity versus cycle number for a 86:7:7 cell cycling at
C/24 and at a temperature of 40°C. The capacity of the cell changes by <1% after 20
cycles. Figures 8.1B and 8.1C show the charge and discharge endpoint capacities versus
cycle number and the cell potential versus specific capacity, respectively, for the same
cell. The smaller insets in Figure 8.1C show an expanded view of the bottom of
discharge (left side) and top of charge (right side) for the 2™, 4™, 6™, 8™ and 10" cycles
(arrows expressing the direction of motion). All endpoints move to the right with
cycling. The total accumulated irreversible capacity versus cycle number is given by the

charge and discharge endpoint capacities plotted in the top panel of Figure 8.1B.
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Figure 8.2 Slippage per cycle versus cycle number for the charge and discharge
endpoints of Li/graphite coin cells charged and discharged at C/10 and at
temperatures indicated.
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Figure 8.2 shows Ap and Ac versus cycle number for the Li/graphite 86:7:7 cells
cycling at C/10. The slippage per cycle of all of the cells decreased with increased
cycling number, but never reached 0.00. This is because the SEI growth rate slows with
time but never becomes zero, as predicted by Equation 8.3. Figure 8.2 also shows that Ap
and Ac match closely. This is because the reversible cell capacity, as in Figure 8.1A, is
fairly constant for these cells. Ac is equal to the growth in irreversible capacity per cycle
and is proportional to the amount of lithium consumed by the SEI in each cycle. In a
case where an excess of Li is not available, such as in a full cell, this effect would

produce a loss in capacity each cycle.
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charged and discharged at the C-rates and temperatures indicated.
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Figure 8.3 shows the CE vs cycle number for the Li/graphite 86:7:7 cells cycling

at C/10 and C/24 and at temperatures of 30.0, 40.0 and 50.0°C. The CE of the cells

cycling at faster rates was closer to unity than the CE of cells cycling at slower rates.

This is because when cells cycle at slower rates, there is more time during each cycle for

the SEI to grow and consume charge. Figure 8.3 also shows that the CE of the cells gets

closer to unity with cycling. This is due to the same effect observed in Figure 8.2; the

SEI thickens and slows the rate of reaction between intercalated lithium and the

electrolyte.

Thus, as less Li was lost to the SEI each cycle, the cycling efficiency of the

cells was improved. Figure 8.3 also shows that the CE of the cells was affected by

temperature. As the temperature was increased, the CE of the cells decreased. This is

because parasitic reactions, like SEI growth, are amplified with increased temperatures.
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Figure 8.4 shows the irreversible capacity per cycle plotted versus t* for the
same cells in Figure 8.3. The results for all cells become quite linear at large times and
appear to extrapolate to the origin at infinite time, as predicted by Equation 8.3. At small
times, the data appears to deviate somewhat from the linear trend. This is a result of the
growth rate of the SEI changing significantly during a single charge-discharge cycle, but
the experimenter only recording the data at the end of the cycle. This causes the average
irreversible capacity to appear larger than it should be during the early cycles. The cells
which cycle at C/24 have larger irreversible capacities per cycle by about 2.4 times than
the cells which cycle at C/10, due to the additional time that SEI thickening reactions can
occur in the slowly cycling cells.

Figure 8.5 shows the irreversible capacity per hour, derived from the data in
Figure 8.4 by dividing by the time of one cycle, plotted versus t 2. Figure 8.5 illustrates
that the loss of lithium per unit time in cells cycled at the same temperature is
independent of the cycling rate. This suggests that the SEI formation reactions occur at

the same rate independent of whether the cells are cycled or not. This t"?

dependence on
the growth of the SEI has also been observed by other researchers[7,54—
56,107,108,110,111], most notably Colclasure et al. [112]. In a theoretical study they

showed that this time dependence was a result of the electron diffusion in the SEI layer

being the rate determining reaction [59,99,113].
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Figure 8.5 Irreversible specific capacity per hour plotted versus t'? for Li/graphite
cells cycled at C/10 and C/24 rates at the indicated temperatures. The
solid lines are extrapolations to the origin for the reader convenience.

If it is assumed that the charge consumption in a Li/graphite cell goes into the
thickening of the SEI then, with high quality measurements, one should be able to
roughly calculate its growth rate. However, these calculations should only be considered
approximations, because assumptions about the average molar volume of the Li bi-
products forming the SEI, V,,, need to be made. Assume that the majority of the SEI is
formed from Li,COs, (or a similar product) which has a measured molar volume, V,,, of

3.5 x 10”° m*/mole. The increase of the SEI thickness for the N™ cycle, Ax, can then be

expressed as follows:

A 3600948V,
AF

(8.5)
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where Ag is the specific surface area of the electrode and F is Faraday’s constant. The
specific surface areas of MCMB and carbon black were measured to be 0.7 m?/g and 43.0
m?/g respectively. Table I shows that the measured specific surface area of the electrodes
did not equal the expected values based on the ratio of the electrode components.
Presumably the PVDF had the effect of reducing surface area. Thus the measured Ag for
the 86:7:7, 90:5:5 and 95:3:2 electrodes were found to be 2.6 m%/g, 2.4 m*/g and 1.8 m*/g
respectively.
Table 8.1 The expected and measured specific surface areas (SSA) of three graphite
electrodes. The weight to weight ratios of the active material (MCMB),

carbon black and binder used in the graphite electrodes were 86:7:7,
90:5:5 or 95:3:2. Presumably the PVDF reduces the surface area of the

electrodes.
Electrode
blending Expected SSA | Expected SSA divided | Measured SSA | Measured SSA divided
Ratio (mz/g) by SSA of 95:03:02 (mZ/g) by SSA of 95:03:02
86:7:7 3.61 1.85 2.64 1.48
90:5:5 2.78 1.42 2.41 1.35
95:3:2 1.96 1 1.78 1

Figure 8.4 (right hand y-axes) shows the variation of Ax vs 2, Although there
are some major assumptions made about the molar volume of the SEI products, Figure
8.4 certainly gives the correct SEI thickness growth rate per cycle to within a factor of

three or so. After 400 hours of testing '

=0.05), the SEI is still growing at about 0.8
nm per cycle for the cell cycled at C/24 (30°C), or at about 17 pm per hour. The growth

rate is larger at 50°C as expected.
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Figure 8.6 The total irreversible capacity plotted versus t'? for the Li/graphite cells
charged and discharged at the C-rates and temperatures indicated.
Figure 8.6 shows the total accumulated irreversible capacity for the cells
described by Figures 8.3, 8.4 and 8.6 plotted versus t'2 according to the predictions of

12 and the results for cells

Equation 8.2. The data is quite linear when plotted versus t
cycled at either C/10 or C/24 are equivalent, again suggesting that time, not cycle count,
is the dominant factor controlling SEI thickening. However, this experiment took only
400 hrs to complete. It might be suggested that this test was too short to observe the true
trends of Li consumption by SEI growth. Figure 8.7 shows the irreversible capacity per
cycle plotted versus t** for a 95:3:2 cell cycling at a rate of C/20 and a temperature of

40°C for 1100 hrs. As in Figure 8.4 the results for the cell are quite linear. Despite the

extra time the cell has been cycling the irreversible capacity of the cell continues to
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extrapolate to the origin at infinite time. The cell was not cycled any longer than this,

due to the limited channels available on the HPC.
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Figure 8.7 Irreversible capacity per cycle plotted versus 2 for Li/ graphite coin cells

cycled at a rate of C/20 and a temperature of 40°C for 1100 hrs. The solid
lines are extrapolations to the origin for the reader’s convenience.

To explore the impact of adding carbon black to graphite electrodes, Figure 8.8
compares precision cycling results of 86:7:7, 90:5:5, and 95:3:2 electrodes cycling at a
rate of C/26 and a temperature of 30°C. Figure 8.8A shows the total accumulated
irreversible capacity versus ¢ (top x-axis). Figure 8.8B shows the irreversible capacity

per cycle plotted versus !

(bottom x-axis) and Figure 8.8C shows the irreversible
capacity per cycle per unit surface area versus t'2. The 95:3:2 electrode shows less
irreversible capacity (Figure 8.8A) and a slower growth in irreversible capacity (Figure
8.8B). However, when the irreversible capacity growth rate is normalized for the active

electrode surface area (Figure 8.8C), all the electrodes are equivalent. Therefore, the SEI

growth occurs on the graphite and carbon black surfaces at approximately the same rates.
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Figure 8.8 Precision coulometry results for Li/graphite cells with 86:7:7, 90:5:5 and
95:3:2 electrodes cycled at C/26 and at a temperature of 30°C. A) The
total accumulated irreversible capacity versus t'? (top x-axis); B) The
irreversible capacity per cycle plotted versus ' (bottom x-axis); C) The
irreversible capacity per cycle per unit surface area versus t™'%.

The results in Figure 8.8 strongly show that negative electrode specific surface area

should be minimized in Li-ion cells destined for long-life applications. This, in turn,

suggests that much of the "hype" in the literature about the importance of carbon nano
tubes, Si nanowires [114,115], etc. for advanced negative electrodes for Li-ion batteries is
simply unfounded.

High Precision Coulometry allows the loss of lithium to the SEI on graphite

electrodes to be effectively studied in a relatively short time frame by contrast to the
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extended storage and cycling experiments normally used in the literature. It is our
opinion that the effects of electrolyte additives on a single electrode can be conveniently
studied in simple experiments like those described here, eliminating the need for
extensive storage and/or cycling tests. Our results were shown to be similar to literature
results collected on cells that were stored and monitored for long time periods.

The t"? model has worked well in explaining the growth of the SEI on graphite
electrodes for the period of one month. However, under certain conditions this simple
parabolic model may not hold as well. In the case where a negative half cell is cycled for
an infinitely long time it is believed that the irreversible capacity will not reduce to zero.
Parasitic reactions inside the cell may cause continual damage the SEI and require
additional active Li to repair it. This will cause the irreversible capacity to level out at
some value greater than zero. Damage to the SEI can also be caused by large changes in
the volume of the active material, such as in Si and Sn based electrodes [116]. When the
volume of the electrode changes greatly, the SEI can become cracked and deformed and
thus Li products will be used to repair it. A similar effect could also be observed during
the high rate cycling of electrode materials which experience small over-all changes in
volume, so long as the volume of the material changes so quickly that the SEI is

deformed. Precision coulometry methods could also be used to study these scenarios.
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Chapter 9 Short and Long-Term Cycling of Li-Ion
Cells

Here, the HPC was used to study the capacity retention and CE of commercial LiCoO,,
LiFePO,, Li[Ni;3sMn;;3Co;3]O, and LiMn,O4/graphite cells cycled at low rates and at
various elevated temperatures. It is shown that the parasitic reactions that take place
within Li-ion batteries consume charge at a fixed (temperature dependent) rate at all
temperatures studied, independent of the cycling rate. Consequently, cell life at elevated
temperatures is controlled by the time of exposure, so long as the cells are being cycled.
After this study the LiCoO,/graphite cells were moved to a traditional battery testing
system where they began long term cycling. This was done to confirm that their capacity
versus time plots, not capacity versus cycle number plots, were identical. dV/dQ analysis

was then used to understand the different failure mechanisms occurring inside the cell.

9.1 Experiment

Four types of commercial Li ion cells were obtained from reputable suppliers to perform
these tests. Twelve each of 18650-size LiCoO,/graphite cells (2400 mAh) and
LiMn,0O4/graphite (1400 mAh) cells were cycled between 3.0 and 4.2 V. Twelve 26700-
size LiFePOy/graphite cells (2200 mAh) were cycled between 2.7 and 3.8 V. Twelve
18650-size Li[Ni;3Mn;;3Co;/3]Os/graphite cells (2000 mAh) were cycled between 3.0 and
4.1 V. Each type of cell was cycled on the HPC using applied currents of 100, 50 or 25
mA at temperatures of 30.0, 40.0, 50.0 or 60.0°C. This provided a wide selection of

temperatures and rates to observe trends in the behavior of the cells.
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After approximately 1000 hours of testing on the HPC the LiCoO»/graphite cells
were moved to an E-One Moli Energy computer-controlled battery tester. The cells
continued to cycle on the Moli battery tester with the same voltage limits and applied
currents as before, but the controlled temperature of the cells was changed to 55°C due to
the available thermostats attached to the Moli battery tester. The long term cycling test
lasted approximately 12500 hours or ~17.5 months. After the long term cycling test was
completed, all of the cells were cycled once more with an applied current of 25 mA so
that the cells could be compared without impedance-related differences

The half cells for dV/dQ analysis were made from a fresh LiCoO,/Graphite 18650
cell which was discharged to 1.0 V and held there for several hours before recovering its
electrodes. Discharging the cell to 1.0 V allowed for the positive and negative electrodes
to become as lithiated (LiCoO;) or delithiated (graphite) as possible, respectively,
without damaging the negative electrode copper current-collector. The recovered
electrodes were washed in dimethyl carbonate and one side of the double-sided electrodes
was carefully wiped clean to remove the electrode material from the current collector.
12.6 mm diameter electrodes were cut with a precision punch from the cleaned electrodes
and used to construct Li/graphite and Li/LiCoO, coin cells. The half cells were cycled at
a rate of C/50 between 1.2 and 0.005V for the Li/graphite cell and 4.3 and 3.0 V for the
Li/LiCoO; cell, both at a temperature of 60.0°C. As discussed in Chapter 6 the dV/dQ
analysis program could then use the measured dV/dQ(Q) from the positive and negative

half cells as "reference" data for the positive and negative electrodes.
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9.2 Short Term Cycling Results

Figure 9.1 shows the cell voltage versus capacity of the four types of commercial cells
cycled with an applied current of 100 mA at a temperature of 40°C. The larger panels for
each cell show the 1%, Sth, IOth, etc. cycles over the entire voltage window. The smaller
insets on the left and right show expanded views of the discharge and charge endpoints,
respectively, for the 2nd 4t 6t g™ and 10 cycles. The capacity axis tracks the
accumulated capacity of the cells, assuming that the capacity of the cell after the very

first discharge was 0.00 mAh. All endpoints continually move to the right as Li-ion cells

are tested.
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Figure 9.1 Voltage-capacity graphs for LiCoO,, Li[Ni;;3Mn;;3Co,/3]O,, LiFePO,4 and
LiMn,0O4/graphite Li-ion cells charged and discharged with a current of
100 mA and at a temperature of 40°C. The insets show the motion of the
charge and discharge endpoints for every second cycle.
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Figure 9.2 shows the normalized capacities for all of the cells plotted versus cycle
number. The capacity fade of all the cell chemistries increases as the temperature
increases. The LiMn,04 and LiFePOy, cells cycled at lower C-rates lose capacity faster
than those cycled at higher C-rates. The LiCoO, and Li[Ni;;3Mn;;3Co,/3]O; cells, on the
other hand, are less affected by cycling rate, showing similar capacity fade versus cycle

count for the different C-rates at the same temperature.

H C/24 -LiCoO, ¥ C/20 - Li[NiMnCo]O, A Ci22 -LiFePO, @ C/4 -LiMn,0,
00 CI50 -LiCoO, vV Cl40 - Li[NiMnCo]O, A Cl44 -LiFePO, O Ci28 -LiMn,0,
O CHO0 -LiCoO, ¥ CI80- LilNiMnCo]O, A Ci88 -LiFePO, @ CI/56 -LiMn;O,
1 — A T o~
| TR ey | MERALL s
O.
0.98 - T T T @200 1 ano
"oooooo 30°C
0.96 T - 1 OOOO%OO 41
1 W ot R *—+——+————
> YV¥Vvy .%XAA Ay 58.
= \ Mha, e,
S o098t + - s 0%, 1ano
% OOOOO... 40°C
@ "0,
(o)
O g6} T - 8 % 0o, .
° 0
> 1 | ; o P | S o
: - g
0.98 - + VNN + 1
5 A 0%, 50°C
A AA ° O..
4 0.96 - 1 1 a “a, ] ° OO... ]
1 } I | AAA ° Oon....-
——— Yyvgeo a1t o+~ %y
0.98 - + + s A 1
2a o 60°C
Ak C'e
0.96 - T+ T+ a T o % 1
\A A 1 1 1 [ 1 \.

0 5 1 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 25
Cycle Number

Figure 9.2 Normalized capacity versus cycle number of the 48 Li-ion cells charged
and discharged at the C-rates and temperatures indicated.

Figure 9.3 shows the CE versus cycle number for the same cells described by
Figure 9.2. The CE is strongly affected by temperature for all the cells, so that as the
temperature increases, the CE departs more and more from unity. This is because
parasitic reactions like electrolyte oxidation and loss of Li to SEI growth are amplified as
temperatures are elevated. Figure 9.3 shows that cells cycled at lower rates had CEs

which departed further from unity than cells cycled at faster rates. This is because cells
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cycling at lower rates have more time per cycle for parasitic reactions to occur and

consume charge.
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Figure 9.3 Coulombic efficiency versus cycle number for the 48 Li-ion cells charged
and discharged at the C-rates and temperatures indicated.

Figure 9.4 shows the coulombic inefficiency (1.0000 - CE) divided by the time of
one charge-discharge cycle plotted versus time, for the same cells described by Figures
9.2 and 9.3. The coulombic inefficiencies per hour for cells at a given temperature are
almost exactly the same at any given time, irrespective of the cycling rate, suggesting that
time, not cycle count, is the dominant contributor to charge loss. This suggests that at a
given temperature parasitic reactions that cause coulombic inefficiency are occurring in
the cells at a reaction rate that is independent of the cell cycling rate. Therefore the

amount of parasitic reactions that occur for a given cycle is simply the parasitic reaction
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rate multiplied by the time of one cycle. This leads to a general expression for the

coulombic inefficiency of any given cycle:

(1.0000 - CE) = b(T,t)*(time of one cycle) 9.1

where b(T,t) is the parasitic reaction rate that depends on the cell temperature, T and

calendar time, t.
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Figure 9.4 Coulombic inefficiency (1.0000 - CE) divided by time of a cycle plotted
versus time for the 48 Li-ion cells charged and discharged at the C-rates
and temperatures indicated

Impedance growth, which can lead to capacity loss during high-rate cycling, is
not monitored in such low-rate experiments. This is because the voltage drop associated

with the internal impedance in the cell will be small for such low currents. However, we

believe the power fade in cells tested at the same temperature for the same time
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(described by Figures 9.2, 9.3 and 9.4) will be very similar because those cells each have
had the same amount of parasitic loss, leading to the formation of decomposition
products on electrode surfaces.

To test the model described by equation 9.1, the CE, for the 4 types of cells after
~600 hrs, is plotted versus the log of C-rate in Figure 9.5. As shown in Figure 9.3, the
CE of the cells departed more strongly from unity as the cell temperature was raised or as
the cycling rates were decreased. The solid lines in Figure 9.5 are curves fitted to the
data using equation 9.1, where it was assumed that b is constant with time for a given
temperature. These curves fit the experiments extremely well. Table 9.1 gives the values
of b as a result of the curve fitting for the 4 cell types at the 4 temperatures studied.
However, one cannot simply assume that increasing cycling rates indefinitely will
continue to improve CE. At a significantly high charge rate, physical phenomena like Li

plating and impedance changes will reduce capacity retention and CE of the cells.

Table 9.1 Parasitic reaction rate, b, (hours') versus temperature for LiCoO,,
LiFePO4, and Li[Ni1/3Mn1/3C01/3]02 and LiMn204/graphite Li-ion cells as
determined from Figure 9.5. The constant, b, relates the coulombic
efficiency (CE) to the time of one cycle by: (1.0000 - CE) = b (time of one
cycle).

Cell Types
Temperature
/°C LiCo0O, LiFePO, LiMn,04 Li[NiMnCo]O,
b (™) b (™) b (™) b (™)
30 0.0000110  0.0000221  0.0000600 0.0000195
40 0.0000187  0.0000448  0.0000746 0.0000220
50 0.0000296  0.0000886  0.0001122 0.0000278
60 0.0000465  0.0001318  0.0002135 0.0000355
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Figure 9.5 Coulombic efficiency versus C-rate for the 48 Li-ion cells tested at 30, 40,
50 and 60°C. The CE data were selected after 600 hours of testing. The

solid lines are fits of: (1.0000 - CE) = b*(time of one cycle), to the data,
where b is a constant. b increases with temperature as shown in Table 9.1.

9.3 Long Term Cycling Results

Figure 9.6 shows the fractional capacity versus cycle number for the LiCoO,/Graphite
cells that were cycled on the HPC at 60°C during the ~12500 hr test on the Moli battery
tester. Cells cycled at lower rates displayed a larger capacity loss per cycle than cells
cycled at faster rates, as predicted by the short term cycling test in Figures 9.2. The noise
in the data was caused by multiple power outages over the ~17.5 months of testing.
Arrows in Figure 9.6 mark the location of a change of slope in the capacity-cycle number

plots.
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Figure 9.6 Fractional capacity versus cycle number for the three LiCoO,/graphite
cells cycled at 55°C and at rates of C/24, C/48 and C/96 as indicated. The

arrows mark a change in slope in the capacity versus cycle number plots.
Figure 9.7 shows the fractional capacity versus time for the same cells in Figure
9.6. When plotted versus time, the three cells cycling at different rates show almost
identical behaviors. In fact, the arrows in Figure 9.7, indicating the change of slope in the
capacity loss of the cells (see Figure 9.6), occur at almost exactly the same time. This
confirms the predicted results based on Figure 9.4 that time is the principal parameter
affecting the degradation of these cells tested at low rates at 55°C. Figure 9.7 also shows

the capacity of all three cells cycling at a rate of C/96 for the final cycle (star-shaped data

point). The capacity of the two fastest cycling cells increased when the rate was reduced
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and the capacity of all three cells was very similar. This suggests that impedance-related

effects were responsible for some of the capacity loss in these cells after long times.
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Figure 9.7 Fractional capacity versus time for the three LiCoO»/graphite cells cycled
at 55°C and at rates of C/24, C/48 and C/96 as indicated. The arrows mark
a change in slope in the capacity-time plots. The arrows are positioned at
the same cycle numbers as in Figure 9.6. The solid curves are fits of
equation 9.2 for the first nine months of the data.

The results in Figure 9.7 do not show capacity loss versus time behavior that can

be described as:

Q=0Qq(1 - At"?) 9.2)
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over the entire cycling history. As discussed in Chapter 8 the t'? behavior is
characteristic of the parabolic growth of the SEI[36,117]. In a situation where the
graphite electrode is the limiting electrode at the bottom of discharge, the lithiated state
of the positive electrode becomes less and less as cycling proceeds since there is less
lithium available to be extracted from the negative electrode. If only the data for the first
nine months is considered, the t" law fits the data relatively well as shown by the solid
curves in Figure 9.7. It will be shown later below why the t'? law does not fit the entire
data sets. Additionally, and importantly, the prediction that these cells would all fail at
the same time, based on the CE measurements in Figure 9.4, does not rely on any
particular model of capacity loss.

Figure 9.8 shows the voltage versus capacity of the LiCoO,/Graphite cell cycling
at a rate of C/24 for the 200™ (12 months), 250" (15 months), 275" (16.5 months) and
296" (17.5 months) cycles measured during the recharge half-cycle. The voltage profiles
of the 200" cycle and 250™ cycles were very similar apart from some capacity loss. This
suggests that the cell was able to cycle for about 15 months without any significant
increase in impedance before the onset of its steep capacity fade. The voltage profiles of
the 250", 275™ and 296™ cycles show a steady increase in the average voltage of the cell.
This confirms that the steep capacity fade observed in Figure 9.7 after 15 months of
testing was a result of an increase in impedance. Most likely the electrolyte in the cell
had become severely depleted by continual oxidation reactions at the positive electrode or
the positive electrode had been severely damaged by the continual oxidation occurring

there.
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Figure 9.8 Voltage versus capacity plots for cycles 200, 250, 275 and 290 measured
during the charge cycle of the cell cycled at C/24 at 55°C. An impedance
increase is observed after cycle 250.

Figure 9.9 shows dV/dQ versus Q for the experimental data (black) and that
calculated using Equation 6.2 (red) for selected cycles of the same LiCoO,/graphite cells
shown in Figures 9.6 and 9.7. The calculated dV/dQ versus Q curves match the
experimental curves quite nicely over the entire testing period.

Figure 9.10 shows positive and negative electrode reference potential-capacity
curves and the resulting calculated Li-ion cell voltage-capacity curve for selected cycles
of the cell cycled at a C/24 rate. The electrode masses and slippages used in Figure 9.10
are those that gave the best fits in Figure 9.9. As a reminder, the point Q = 0 is taken as
the point where the experimental cell reaches the fully discharged state. Figure 9.10

shows that the fitted V(Q) curve (top panel) reaches the 3 V discharge cutoff within
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Figure 9.9 Experimental and calculated dV/dQ versus Q for LiCoO,/graphite cells at
the cycle numbers indicated for the cells cycled at C/24 (top row), C/48
(middle row) and C/96 (bottom row) at 55°C. The red curves are the fits
to the data using Equation 6.2 and the procedure described in Chapter 6.
In all cases the final cycle (last column) was collected at a rate of C/96.
40 mAh, (or within 2% of the total cell capacity) for all the cycles considered,
demonstrating the quality of the fits. Figure 9.10 (see the right panels) shows that for
cycles 1-150, the negative electrode is the limiting electrode at the bottom of discharge.
During this period the relative slippage of the positive electrode slips to higher relative
capacity faster than the negative electrode. By cycle 150, the negative electrode and the
positive electrode are almost empty and almost full of lithium, respectively, when the cell

is fully discharged. For cycles 150 — 300, the negative electrode is no longer emptied

and the positive electrode is filled when the Li-ion cell is fully discharged.
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Figure 9.10  Top panel) Calculated LiCoO,/graphite V(Q) curves for the cell cycled at
C/24 at 55°C during the indicated recharge cycles. Middle and bottom
panels) Extracted V(Q) curves for the positive and negative electrodes,
respectively, from the dV/dQ analysis software which developed the fits
shown in Figure 9.9. The right inset panels show an expanded view of the
region near Q = 0 to demonstrate the change in behaviour that occurs near
cycle 150.

Figure 9.11 shows the relative capacities of: the graphite reference electrode when
it was empty and full of lithium (red curves); the LiyCoO; reference electrode when it
reached 4.3 V and when it was full of lithium (blue curves); and the capacity of the
experimental cell in the charged state (black curve), all plotted versus time for the three

LiCoOy/graphite cells in this study. As an example, the relative capacity endpoints of the

reference curves in Figure 9.10 are the points plotted in Figure 9.11 for the positive and
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Figure 9.11  The relative capacities of: the graphite reference electrode when it was
empty and full of lithium (red curves); the LixCoO, reference electrode
when it reached 4.3 V and when it was full of lithium (blue curves); and
the capacity of the experimental cell in the discharged (Q = 0; no curve is
plotted on the Figure for this case) and charged state (black curve), all
plotted versus time for the three cells in this study.

negative electrodes. Figure 9.11 shows that the experimental cell reaches a full state of

charge (4.2 V) before the positive electrode reaches 4.3 V vs. Li (upper blue curve in all

panels) and before the negative electrode is completely filled (upper red curves in all

panels). Figure 9.11 shows that the capacity of both the positive and negative electrodes

decreases slowly over time (capacity difference between the two red curves or between
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the two blue curves) due to a loss in electrically connected active mass. Figure 9.11 also
shows that the electrode which determines the fully discharged state switches from the
negative electrode to the positive electrode around 9 months, as indicated by the red
arrows. The positions in time of the red arrows in Figure 9.11 coincide with the positions
of the red arrows in Figure 9.7. Therefore the change in the rate of capacity loss with
time in Figure 9.7 occurs when the positive electrode full lithiation point slips past the

negative electrode full delithiation point.
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Figure 9.12  Charge and discharge capacity endpoint extent graphs for the three
LiCoOy/graphite cells in the short term test carried out on the HPC. The

endpoints have been normalized to begin at zero for the first cycle.
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Positive electrode slippage can only occur if electrolyte oxidation is occurring.
Figure 9.12 shows the charge and discharge endpoint capacities plotted versus time for
the three LiCoO./graphite cells during the short term testing on the high precision
charger. It is clear that the charge endpoint is continually slipping to higher capacities
for these cells. It appears that in these cells, an electrolyte additive combination has been
used to approximately match the initial electrode slippage rates so that minimal capacity
fading was initially observed by the user [118]. The data in Figure 9.12 can be used to
create an approximate picture of the absolute capacities of the electrodes during the
cycling of the cells.

Figure 9.13 shows the approximate absolute capacities of the electrodes and the
Li-ion cells in the charged state plotted versus time. The curves in Figure 9.13 were
obtained by adding the average charge endpoint slippage rate (averaged over the last 400
hours for the 3 cells in Figure 9.12) of 0.089 mAh/h to each of the curves in Figure 9.11.
The overall motion to higher absolute capacities is caused by the continual electrolyte
oxidation in the cells. This oxidation consumes electrolyte, thickens passive films and
presumably leads to the impedance increase observed beyond 15 months of testing. The
addition of a constant slippage rate to all the curves in Figure 9.11 to obtain the curves in
Figure 9.13 is only an approximation. Ideally, it would have been best if all the long term
cycling results had been collected on the HPC so that the endpoint capacities could be
tracked throughout the entire duration of the cycling. Unfortunately, we do not have the

resources to do this.
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absolute capacities of: the graphite reference electrode
when it was empty and full of lithium (red curves); the Li,CoO, reference
electrode when it reached 4.3 V and when it was full of lithium (blue
curves); and the capacity of the experimental cell in the discharged (Q =
0) and charged state (black curve), all plotted versus time for the three
cells in this study. Figure 9.13 was obtained from Figure 9.11 by adding

0.089 mAh/h slippage to all curves in Figure 9.11.

Chapter 8 showed that the growth of the SEI could be explained by the parabolic
growth law, and thus Li lost to the SEI will decrease with t
other parasitic currents are constant over time, then one can develop a qualitative picture
of the capacity loss mechanisms inside the cells. Figure 9.14 shows the schematic of the
electrodes in a LiCoO,/graphite cell versus time for a cell cycled at low rates and
elevated temperatures. The negative to positive electrode capacity ratio was set to be

initially greater than 1 in agreement with Figure 9.10 that shows that the negative

172
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electrode never fills completely. The negative electrode slippage shows curvature due to
the slowing of SEI growth with time. Figures 9.10 and 9.11 show that that the negative
electrode was completely delithiated during each cycle for the first 9 months, but after 9
months it was not. Instead, after 9 months, the positive electrode was completely filled.
This crossover in behavior is captured by the arrow in Figure 9.14. Therefore, the change
in slope in Figure 9.7, as indicated by the arrows, was caused when the end of discharge
capacity was no longer controlled by the emptying of the LiyC¢ but by the filling of the
LiCoO,. Figures 9.13 and 9.14 show similar features and we believe that Figure 9.14
represents a useful summary of the results of this work that can be used as a model by

other researchers.
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Figure 9.14  Schematic showing how the absolute capacities of the positive and
negative electrode charge and discharge endpoints evolve with time for the
LiCoOy/graphite cells tested for 17 months at 55°C. The resulting cell
capacity is indicated by the shaded region.
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Most interesting in this analysis is that all three experimental cells reached the
change in slope designated by the arrows in Figure 9.7 at the same time and not at the
same cycle number. This shows that mechanical degradation, which would increase with
cycle number, is not responsible for the positive electrode capacity loss. Instead, it is the
continual electrolyte oxidation, evidenced by the imperfect coulombic efficiency shown
in Figure 9.4 and the charge endpoint slippage in Figure 9.12, which was responsible for
the damage to the positive electrode. When electrolyte is oxidized, charge balance
requires an associated charge transfer process to occur, e.g., transition metal dissolution,
Li insertion or some other process. This work shows that this process is occurring at the

same rate for all three cells, despite the different cycling rates.
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Chapter 10 Narrow Range Cycling and Storage of
Li-Ion Cells

Capacity loss in Li-ion cells occurs because of chemical degradation involving reactions
between electrode materials and electrolyte and mechanical degradation caused by the
lack of (or poor) electrical contact to all active particles in the electrodes. The cycling
performance of the various electrodes and electrolyte chemistries has been extensively
studied. However, many of these tests use high rate cycling [1-5], and are performed
over the space of only a few weeks, thus the capacity loss may mostly reflect mechanical
degradation because the time for chemical degradation is limited. Some of these tests
include studies of the impact of charge-discharge cycling to different voltage limits [119—
125]. Conversely, there have only been a few published results that test cycle life
performance over a period of years [6,7,60,74,107,126]. They demonstrated that the
capacity, power, internal pressure and impedance of Li-ion cells are strongly dependent
on the age of Li-ion cells.

Here, the HPC and a custom storage system were used to study parasitic reactions
in common types of Li-ion cells. The cells were cycled between narrow voltage limits
near full state of charge and stored at various voltages to observe the effect of
temperature and potential on parasitic reactions. It is shown that there is a direct
relationship between narrow range cycling results and the capacity lost in a cell during

storage.
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10.1 Experiment

Two types of commercial Li ion 18650 cells were obtained from a reputable supplier to
perform these tests. Fourteen each of LiCoOs/graphite cells (2400 mAh), and
Li[Ni;3Co13Mn;3]O2(NMC)/graphite cells (2000 mAh) were obtained. Figure 10.1
shows some typical data collected during the narrow range cycling (Figure 10.1A) and
storage tests (Figure 10.1B) of LiCoO,/graphite cells. All narrow range cycling and
storage cells were first cycled twice between 3.0 and 4.2 V for the LiCoO, cells and
between 3.0 and 4.1 V for the NMC cells with a current of 100 mA and at a temperature
of 30, 40, 50 or 60°C. After the two initial cycles, the narrow range cells were then
discharged to the lower voltage limit of the new 100 mV cycling range, where they
continued to cycle for at least 400 hrs. Table 10.1 shows the voltage limits and applied
currents used during the narrow range cycling of each cell. The advantage of cycling
between these narrow limits is that it allows one to probe the impact of the upper
potential limit on cell lifetime. The storage cells, on the other hand, were discharged to a
voltage 0of4.20 V, 4.15 V,4.10 V or 4.05 V for the LiCoO, cells or 4.10 V, 4.05 V, 4.00
V oor 3.95 V for the NMC cells. The cells were then stored under open circuit conditions
for the next 500 hrs at the same temperatures as before, only measuring the cell voltage
once every 6 hours. After 500 hrs, the storage cells were cycled two more times with an
applied current of 100 mA to measure the capacity loss experienced during the storage
period, as described in Chapter 5.

All narrow range cycling was performed using the HPC. All storage experiments

were performed using the automated storage systems described in Chapter 5.
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Figure 10.1  Typical data collected during the narrow range cycling (top panel) and
storage tests (bottom panel) of LiCoO,/Graphite cells at 30°C
Table 10.1 The voltage limits and applied currents used during the narrow range
cycling of the Li[Ni;,3Co;3Mn; 3]0, and LiCoO, /graphite cells.
Cell Type Voltage Range (V) | Current (mA) | Temperature (°C)
LiCoO, 4.20-4.10 19.0 30, 40, 50 & 60
LiCoO, 4.15-4.05 19.0 30, 40, 50 & 60
LiCoO, 4.10-4.00 19.0 30, 40, 50 & 60
LiCoO, 4.05 -3.95 19.0 50 & 60
Li[Ni1/3M1’11/3C01/3]02 4.10-4.00 15.0 30, 40, 50 & 60
Li[Ni;5sMn;3Co,/3]0, 4.05-3.95 15.0 30, 40, 50 & 60
Li[Ni;sMn;;3Co,3]0, 4.00 - 3.90 15.0 30, 40, 50 & 60
Li[Ni;sMn;3Co,/3]0, 3.95-3.85 15.0 50 & 60
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10.2 Theoretical Background

Figure 10.2 shows differential voltage (dV/dQ) versus capacity (Q) (top row) for the

experimental data (red line) and the theoretical fit (black line) for the first cycle of the

cells at 30°C. The theoretical fit was made using the dV/dQ analysis program described

dv/dQ (V/mAh)

Figure 10.2
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Top row) dV/dQ versus capacity for the experimental data (red line) and

the theoretical fit (black line) for the first cycle of the LiCoO,/graphite
(left column) and Li[Ni;;3Mn;;3Co0,,3]O2/graphite cells (right column) at
30°C. Middle and bottom rows) Extracted V(Q) curves for the positive
and negative electrodes, respectively, from the dV/dQ analysis software
which developed the fits shown in the top row. Dashed vertical lines have
been added to the middle and bottom rows to indicate the capacities of the
positive and negative electrodes at the top of the various narrow voltage
ranges.
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in Chapter 6.3. The theoretical dV/dQ curves match the experimental curves very well
suggesting that the model is good and that the relative electrode capacities are correct.
The reference voltage-capacity curves of the positive and negative electrodes versus Li
are shown in the 2™ and 3™ rows of panels in Figure 10.2. These curves have been
positioned so that the calculated dV/dQ versus Q matches the experimental dV/dQ versus
Q curves. Figure 10.2 shows that above a full cell terminal voltage of 3.9 V, the potential
of the negative electrode versus Li/Li" remains fairly constant with state of charge
compared to the positive electrode. Dashed vertical lines have been added to the 2™ and
3" rows of panels in Figure 10.2 to indicate the capacities of the positive and negative
electrodes at the top of the various narrow voltage ranges which are probed in the
experiments of this paper.

In Chapter 3 a Li inventory model was introduced to account for the loss of Li to
the most common parasitic processes in Li-ion cells. Using Table 3.3 and the derivations
in Appendix A, the measured quantities of CE, Ap, Ac and Fade for a cell cycling
between narrow voltage limits (Figure 3.7) can be expressed in terms of the parasitic

currents of Iy, Ioe®, Iox’ and I

CE = 1- 2[Iox* + I6")/1a (10.1)
Ac = 2(QuK) [Iox" — Ip + 1ox")/14 (10.2)
Ap = 2(QoK) [Tox" + T}/ (10.3)
Fade = 2(Qo-K) [I,]/Ta (10.4)

Most interesting about these equations is that even though Li is lost to the SEI, via Iy,

this does not contribute to capacity loss for narrow range cycling where the negative
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electrode potential does not vary with capacity. Capacity fade is observed only through
positive electrode damage.

There may be situations where positive electrode material damage limits the
amount of lithium that can be inserted into the positive electrode as opposed to trapping
Li that cannot be removed (the latter case was treated above). Additionally, loss of
electrical contact of the positive electrode material reduces the capacity of the positive
electrode at both top of charge and bottom of discharge. These specific cases have not
been explicitly treated above, but can be, using the formalism developed in Chapter 3 and
Appendix A.

The parasitic currents in the cell are responsible for the cell voltage change and
capacity loss during storage as outlined in Chapter 5. The potential drop during storage
was shown to be given by:

Vdrop = [qua + qoxb] dv/ dQ [105]

where qox" and qoxb are the parasitic capacities due to electrolyte oxidation and shuttle
mechanisms during storage. dV/dQ is the slope of the V-Q relation at the storage
potential. It was also shown in Chapter 5 that the cell discharge capacities immediately
after storage, D, [See Figure 10.1B] and after charge after storage, D,, are related to
Vrop by,

D; — D = Vigrop dQ/dV [10.6]

where dQ/dV is the differential capacity of the Li-ion cell at the storage potential.
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It is possible to relate quantities measured by the High Precision Charger to those
measured by storage. For example, in cases where positive electrode damage is small,

and there is no capacity loss, one finds at any given time, t, from the beginning of testing:

Virop(t) = dV/dQ JAc/t dt [10.7]

where the integral runs from 0 to the time t and 1 is the time of one narrow range cycle.
In a hypothetical case where V4 varied linearly in time and Ac was the same for every
cycle, then

Virop dQ/dV = Ac [Time of Storage]/[1]. [10.8]

In this experiment, the validity of equations [10.7] and [10.8] are explored.

10.3 Results

Figure 10.3 shows the voltage versus capacity of four NMC/graphite and four
LiCoOy/graphite cells cycling between 4.0 V and 4.1 V and at temperatures of 30, 40, 50
or 60°C. For clarity, only the 1st, Sth, 10th and 15th cycles are shown. The capacity axis
tracks the accumulated capacity of the cells, assuming that the capacity of the cell after
the very first discharge was 0.00 mAh. The charge and discharge endpoints continually
slip to higher relative capacities as the cells were cycled, because of the parasitic
reactions inside the cell [33,34]. Figure 10.3 also shows that as the temperature increased
the slippage of the charge and discharge endpoints also increased, suggesting an increase

in the parasitic reaction rates inside the cell.
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Figure 10.3  Voltage versus capacity of the LiCoO,/graphite (left column) and
Li[Ni;sMn;3Co1/3]O/graphite (right column) cells cycling between 4.0 V
and 4.1 V and charged and discharged with a current of 15.0 mA.

Figure 10.4 shows the charge slippage plotted versus time for all the cells in this
study. The charge slippage has been plotted as % of the full cell capacity so that data for

the NMC/graphite and LiCoO,/graphite cells can be directly compared. Figure 10.4

shows the dramatic increase of the charge slippage rate with upper cutoff potential and

with temperature.
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Figure 10.5 shows the normalized capacity plotted versus cycle number for
commercial NMC/graphite and LiCoO,/graphite cells cycling in the narrow ranges
outlined in Table 1 at 30, 40, 50 and 60°C. The NMC/graphite cells show capacity loss
with cycling in all cases and the LiCoO,/graphite cells show either constant capacity or a
surprising capacity increase with cycling. The data for the NMC cells prove that
positive electrode damage (origin unknown) is occurring in the NMC/graphite cells, as
positive electrode damage is the only mechanism that can cause capacity loss in narrow

range cycling such as this (see Equation 10.4). The capacity increase of the

LiCoO,/graphite cells cycling at the highest potentials and the highest temperatures can
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be explained by a consideration of Figure 10.2. The negative to positive electrode
capacity ratio in these cells is very close to 1.00. Thus, the graphite electrode is almost
completely filled and its potential drops somewhat when the cells are charged to a
terminal voltage of 4.2 V in the early cycles as demonstrated in Figure 10.2. As cycling
proceeds, the slippage rate of the negative electrode exceeds that of the positive electrode
so the negative electrode moves to higher potential versus Li at the end of charge. In
order to reach a terminal voltage of 4.2 V, the positive electrode is charged to
successively higher potentials versus Li, hence causing a capacity increase in this narrow

range cycling.
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Figure 10.5 Normalized capacity versus cycle number of the LiCoO,/graphite (left
column) and Li[Ni;;3Mn;;3Co,/3]O,/graphite (right column) cells being
cycled between the voltage limits and at the temperatures indicated.

Figure 10.5 shows that even in the most dramatic case, for LiCoO,/graphite cells

cycled between 4.1 and 4.2 V at 60°C, the capacity gain is 14% over 500 hours of testing
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or 26 cycles. The initial capacity was about 180 mAh over this range, so this gain
corresponds to about 25 mAh out of a total cell capacity of 2400 mAh. Figure 10.6
shows the cumulative charge endpoint slippage in mAh versus time for the
LiCoOy/graphite cell cycled between 4.1 and 4.2 V at 60°C. During the time that the
capacity increased by 25 mAh, the charge endpoint slipped by about 160 mAh. The
charge slippage far exceeds the capacity gain so we will ignore this capacity gain in our

consideration of the validity of equations 10.7 and 10.8.
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Figure 10.6  Cumulative charge endpoint slippage versus time for the LiCoO,/graphite
cell cycled between 4.1 and 4.2 V and at a temperature of 60°C
Figure 10.7A shows the slippage of the charge endpoints per hour (in mAh/h) and
Figure 10.7B shows the fractional charge slippage (based on the full cell capacity) per
hour both plotted versus the upper voltage limit of the narrow cycling range for each type
of cell. The charge endpoint slippage rates were measured at 400 hours of testing for all
the cells. As in Figure 10.4, as the temperature or upper cut off voltage of the cells

increased, the slippage of the charge endpoints also increased. This suggested that

electrolyte oxidation and/or transition metal dissolution inside the cells was being
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amplified at higher voltages and temperatures. Figure 10.7B shows the fractional
slippage of the NMC/graphite charge endpoints per hour to be lower than the
LiCoO,/graphite cells at the same upper voltage limit and temperature, suggesting that
NMC has a reduced rate of parasitic reactions. Figure 10.7 demonstrates the usefulness
of narrow range cycling. Researchers performing similar tests could assess the ideal
upper voltage limits for different cell chemistries, balancing the need to reduce
electrolyte oxidation in the cell and acquiring additional capacity. It may be worth noting
that the slippage rate in mAh/h has the unit of mA and is a therefore a direct measure of
the average parasitic current due to electrolyte oxidation and shuttle mechanisms. The

largest parasitic current in Figure 10.7 corresponds roughly to a C/10000 rate.
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Figure 10.7  Top panel) Slippage of the charge endpoints per hour and (Bottom panel)
fractional charge slippage per hour both plotted versus the upper voltage
limit of the narrow cycling range of each cell. The fractional charge
slippage is based on the 100% capacity of the cells, 2400 mAh for
LiCoO,/graphite cells and 2000 mAh for the NMC/graphite cells.
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Figure 10.8 shows the coulombic inefficiency divided by the time of one charge-
discharge cycle plotted versus time for the commercial LiCoO,/graphite and
NMC/graphite cells. The CIEs of all of the cells decreased with increased cycling number
and time, but never reached 0.0000. This suggests that the parasitic reactions at the

positive electrode slow down with time, but do not stop completely. The CIEs were
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Figure 10.8  Coulombic inefficiency (1-CE) divided by the time of one charge-

discharge cycle versus time for the LiCoO,/graphite (left column) and
Li[Ni;sMn;3Co1/3]O,/graphite (right column) cells.
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strongly affected by temperature and voltage, so that as the temperature or voltage limits
were increased the CIE, departed further from 0.0000. This suggests, as do Figures 10.4,
10.5 and 10.6, that electrolyte oxidation and/or transition metal dissolution rates increase
at higher temperatures and voltages.

Figure 10.9 shows the cell voltage plotted versus both Q and dQ/dV for a single
cycle of the commercial NMC/graphite and LiCoO»/graphite cells charged and
discharged with 100 mA at 40°C. dQ/dV versus voltage during charge (red) and
discharge (black) cycles are shown. Table 10.2 lists the average value of dQ/dV, called
dQ/dV,, at each of the upper cutoff voltages used in these experiments for both cell

chemistries. These values of dQ/dV,,, are needed to compare HPC results to storage

results.
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Figure 10.9  Voltage versus capacity (left column) and differential capacity (dQ/dV)
(right column) for a single cycle of the commercial LiCoO,/graphite and
Li[Ni;3Mn;3Coy/3]O/graphite cells at 30°C.
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Table 10.2  Lists the average value of dQ/dV at each of the upper cut off voltages for
the Li[Ni;s3Mn;3Co13]O, and LiCoOs/graphite cells used in this

experiment.
Temperature
Upper Voltage Limits 30°C  40°C  50°C  60°C
LiCo0QO,/graphite dQ/dV,y,, (mAh/V)
4.20 1850 1860 1850 1830
4.15 1980 1990 1970 1960
4.10 2470 2490 2500 2510
4.05 2680 2690 2690 2700
Li [Ni1/3Mn1/3C01/3] OZ/graphite
4.10 1550 1550 1570 1520
4.05 1690 1690 1690 1700
4.00 1800 1800 1800 1810
3.95 1900 1890 1870 1880

Figure 10.10 shows storage results for both LiCoO,/graphite and NMC/graphite
cells. In Figure 10.10, the decay of cell voltage with time during storage has been plotted
as 1.00 V — “voltage drop” versus time for easy comparison of the different chemistries at
the different voltages and temperatures. The reader is cautioned that the LiCoO»/graphite
cells show storage results at 4.2 V and 4.15V while the NMC/graphite cells do not.
Chapter 5 showed that processes which change the Li content of the positive electrode in
a fully charged cell are responsible for changes in the open circuit voltage of the cell as is
captured in Equation 10.5.  Figure 10.10 shows that the rate of voltage drop decreases
with time, suggesting that the parasitic reactions at the positive electrode slow down with
time. Figure 10.10 also shows that the rate of voltage drop decreases as the initial storage
voltage decreases. These two observations are consistent with observations made
regarding charge endpoint slippage (Figures 10.4 and 10.7) and coulombic inefficiency

(Figure 10.8) (both decrease as V decreases and as T decreases).
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Figure 10.10 [1.00 — voltage drop] versus time of the LiCoO,/graphite (right column)
and Li[Ni;5Mn;;3Co;/3]O/graphite (left column) cells during open circuit
storage at the voltages and temperatures indicated.

Figures 10.11A and 10.11C show the total voltage drop, Vgrwp, plotted versus
storage temperature and starting voltage for the same cells described by Figure 10.10. As
the temperature and starting voltage of the cells increased, the voltage drop of the cells
also increased. Thus, storage experiments confirm the narrow range cycling results
above, that electrolyte oxidation and/or shuttle mechanisms are amplified at higher
voltages and temperatures. Figures 10.11B and 10.11D show the product of V., and
dQ/dV,y, (taken from Table 10.2 for the appropriate voltage) plotted versus storage
temperature and starting voltage. The quantity, Vo, dQ/dV,y,, represents the charge

corresponding to the amount of lithium atoms inserted into the positive electrode during
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the storage period. Vgrop dQ/dV,y, has been calculated as a fraction of total cell capacity
so that comparisons between the two chemistries can be made. Figures 10.11B and
10.11D show that the NMC positive electrode has a smaller self-discharge rate than the
LiCoO, electrodes under all conditions, at least for the cells studied here. Obviously,
electrolyte additives (unknown) and positive electrode specific surface area (also

unknown) would affect this comparison in similar cells made by other suppliers.
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Figure 10.11 Voltage drop (top row) and fractional [voltage drop * dQ/dV] (bottom
row) versus starting voltage (left column) and storage temperature (right
column) for the same Li[Ni;3sMn;;3Co;3]O; and LiCoO,/graphite cells in
Figure 10.10.

133



Figure 10.12 compares the time dependence of V4., and charge endpoint capacity
slippage for LiCoO,/graphite cells at 40°C. The cells were stored at 4.2, 4.15 and 4.1 V.
Nominally identical cells were cycled between 4.1 and 4.2 V, between 4.05 and 4.15 V
and between 4.0 and 4.10 V. Vg, versus time for the cell stored at 4.15 V should be
compared to the charge endpoint slippage for the cell cycled between 4.1 and 4.2 V. The
two curves are similar. Vgrop versus time for the cell stored at 4.10 V should be compared
to the charge endpoint slippage for the cell cycled between 4.05 and 4.15 V. The two
curves are similar. The agreement between the storage and precision cycling results is a
consequence of equation (10.7) which predicts that these behaviours should be identical
in the case where there is no positive electrode damage. At long times the storage and
narrow range cycling data begin to deviate from each other. This is caused by the drop in
voltage of the storage cell. At small times the average voltage of the cycling and storage
cells are very similar and thus I,," and onb will be very similar too. This is why there is
an excellent agreement between the Vg.p and the product of the charge endpoint slippage
and dQ/dV(V) of the cells early on. However, as the voltage of the storage cell
decreases, I,* and onb decrease as well, causing the rate at which the voltage of the
storage cell decreases to slow down too. Similar agreement between Vg, and charge
endpoint slippage was observed for all the LiCoO, cells. This suggests that high
precision storage experiments give basically the same information as high precision
narrow-range cycling experiments. Given that the former are much easier to carry out,

this suggests that investments in high precision storage equipment are justified.
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Figure 10.12 Voltage drop versus time (solid curves) of the LiCoO,/graphite cells in
open-circuit storage at 40°C and the product of the charge endpoint
capacity slippage and dV/dQ versus time (dashed curves) of the
LiCoOy/graphite cells cycling between narrow voltage limits at the same
temperature. Curves having the same markers should be compared as is
explained in the text.

Figure 10.13A shows the fractional charge endpoint slippage per hour of the cells
in Figure 10.6 plotted versus Vg, dQ/dVay, in fractional capacity (based on the total cell
capacity). Based on Equation 10.8, these quantities should be linearly related, and Figure
10.13 shows a good correlation. Figure 10.13B shows the fractional charge slippage per
hour of the cells in Figure 10.6 plotted versus the fractional reversible capacity loss, D, —

Dy, of the cells in Figure 10.11 during storage. Again, according to the equations

developed above, a good correlation is expected and is observed. The charge slippage
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Figure 10.13 Fractional charge slippage per hour of the cells in Figure 10.4 plotted
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D, — Dy (right column) of the cells in Figure 10.11. According to
Equation 10.8, these quantities should be linearly related. Lines have been
added to help guide the eyes.

was measured after 400 hours of testing for all the cells. If electrolyte oxidation at the

positive electrode is responsible for the voltage drop of the cells, then, based on

Equations 10.6 and 10.8 one expects both V4, dQ/dVaye and Dy — D5 to be proportional

to the charge endpoint slippage per hour, as is observed.

One outcome of this work is the strong dependence of these parasitic reactions on
upper cutoff potential and temperature, at least on the surfaces of these particular
electrode materials. Such results give the author serious doubts that successful
electrolytes can be developed for high potential positive electrode materials like
LiNipsMn; sO4 which operates near 4.7 V and always shows high charge endpoint
capacity slippage. By contrast, the Dahn lab (to be published) has shown that alternative
involving oxygen loss during the

high potential materials first charge, like

Li[Lip »Nig2Mng 6]O,, show charge endpoint capacity slippage at 4.6 V which is similar to
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that of NMC at 4.1 or 4.2 V. There is something very special about the surfaces of the
oxygen loss materials that apparently limits electrolyte oxidation.
This experiment shows that high precision charger and storage tests should be

used in concert to study the parasitic currents that occur in the Li-ion cell.
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Chapter 11 Synergies in Blended LMO and NMC
Positive Electrodes.

Spinel type LiMn,0O4 (LMO) and its derivatives are currently one of the most promising
positve electrode materials for large-format Li-ion batteries. This is because of three
dimensional Li" diffusion, low cost, low toxicity and the abundant raw materials.
However, LMO is plagued with some serious issues, such as poor cycling at elevated
temperatures (>50°C). Much has been published by different research groups on this
subject and different solutions have been proposed with varying levels of success [67—
69,127-130]. However, the recommended solutions normally produce lower capacity
materials or require a more expensive electrolyte.

In 2001, Numata et al. recommended an interesting approach to improve the
capacity retention of LMO based electrodes; to mix it with a different positive electrode
material [131]. They found that by simply mixing LMO and LiNig 3Co,0, together, HF
generation, Li loss and Mn dissolution were significantly reduced for cells stored at
elevated temperatures. Since only a small amount of this higher specific capacity material
needed to be added to obtain the desired effect, the process was easy and inexpensive.
After that publication there have been numerous other publications on the subject of
physical mixtures of positive electrode materials. Some examples of mixed positive
electrode  materials are LMO - LiNiggCo0020, [132], Li;1Mn; 904 -
LiNig3Co0.15Al00s02 [133], Li;.1Mn; 904 - NiO[134], LiMn;gLigNigiO38Fo> -
LiCoO; [135], LMO - LiNig 80Cog.15Al0.0502 [136], LMO -

Li[Li]/]5Ni1/5C02/5M1’11/302] [137] and so on [138—143]
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Here, the HPC was used to study the CE, normalized capacity loss and charge
endpoint slippage of electrodes made by mixing Li[Ni;3Mn;;3Co;3]0, (NMC) and LMO
together. Electrodes with higher concentrations of NMC enjoyed higher than expected
capacity retentions and improved CE. The majority of the capacity loss in these mixed
electrodes originated from the spinel component and the spinel slowly transformed to a
more Mn-poor phase. Consequently the lost Mn was found on the negative electrodes

and a relationship between Mn dissolution and CE was observed.

11.1 Experiment

The active material of the mixed electrodes prepared by simply mixing commercially
available LMO (T100 - Tronox) and NMC (BC618K - 3M) together. The ratios at which
the LMO and NMC were mixed together were 100%:0%, 75%:25%, 50%:50%,
25%:75% and 0%:100%. The active material was then added to Super-S carbon black
(MMM Carbon, Belgium) and PVDF binder at a weight to weight ratio of 86:7:7
respectively. The slurry was spread on an Al foil with a notch bar and then dried in air at
90°C overnight. The electrolyte used in all of the cells was 1 M LiPFg in an ethylene
carbonate/diethyl carbonate [1:2 v/v, Novolyte Technologies] solution. The 2325 coin-
type cells with two Celgard 2300 separators and a lithium foil common counter and
reference electrode were assembled in an argon-filled glove box with the mixed
electrodes described above. All cells were charged and discharged with a constant
current between 3.0 and 4.3 V and at a rate of C/10. To observe possible behaviours and
trends the five electrodes types were cycled at 30.0, 40.0, 50.0 and 60.0°C. All of the

mixed electrodes were tested using the HPC.
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To observe the effects of cycling on Mn dissolution and the solid state structure of
LMO electrodes, LMOY/Li cells were constructed in the same way described above. The
cells used in the Mn dissolution tests were cycled on a 96 channel Maccor cycling unit
(Maccor 2000 series) at a temperature of 55°C. The cells were then cycled 5, 10, 20 or
50 times and then removed and dissembled quickly to perform the atomic absorption tests
described in Chapter 7.3. The cells used in the solid state structure tests were cycled on
the HPC at a temperature of 50°C. The cells were cycled 2, 5 or 9 times, discharged to
3.0 V and allowed to come to equilibrium for several hours. The cells were then
dissembled in a He-filled glove box where the electrode materials were recovered and
placed into a special air sensitive holder discussed in Chapter 7.1. All XRD patterns

were collected with a Siemens D5000 powder diffractometer.

11.2 Results

Figure 11.1 shows the differential capacity versus voltage of the 5 mixed electrodes
cycling at 40°C. The differential capacities of the electrodes are a superposition of the
individual components. Figure 11.2 shows the specific discharge capacities for all the
mixed electrodes versus cycle number. The specific capacity of the cells increased with
increased NMC content and temperature. The cycling stability of the cells deteriorated
with increased temperature and LMO content suggesting that the LMO component used

in the mixed electrodes was not able to cycle well at temperatures above 50°C.
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Figure 11.1  Differential capacity versus potential of the five mixed electrodes charged
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Figure 11.3 shows the normalized capacities versus cycle number for all of the
cells described by Figure 11.2. The capacity retention of all the mixed electrodes

decreased as the temperature increases. The capacity retention of all the cells increased

with increased NMC content for all temperatures. In fact, all the cells containing both
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NMC and LMO enjoy better capacity retention than would be expected assuming their
individual cathode materials were working independently. To illustrate this observation,
the expected values for the 50% LMO — 50% NMC electrodes were calculated using the
mid point between the 100% LMO and 100% NMC electrodes for each temperature. The
expected 50% LMO — 50% NMC electrodes have larger normalized capacity loss then
the experimental 50% LMO — 50% NMC electrodes. For temperatures greater than 30°C,
the normalized capacity loss for the expected 50% LMO — 50% NMC electrodes follow
the measured 75% LMO — 25% NMC results fairly closely. This suggests that a
relatively small amount of NMC needs to be added to LMO electrodes in order to

improve capacity retention significantly.
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Figure 11.4  Fractional capacity remaining after 14 cycles plotted versus the percentage
of NMC in the electrodes for the cells described by Figures 11.2 and 11.3.
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Figure 11.4 shows the normalized capacity after 14 cycles versus percentage of NMC in

the mixed electrodes described in Figure 11.3.

improved when 25% or 50% NMC was added to the electrodes.

The capacity retention dramatically

Mixed electrodes with

more than 50% NMC showed less dramatic improvements in capacity retention as the

concentration of NMC increased.

Figure 11.5 shows a simplified schematic diagram of the coulombic imbalance

caused by Mn dissolution in LMO/Li cells. During charge, 8 Li ions are extracted from

the LMO electrode and 1 Mn ion is dissolved, causing 10 electrons to be passed around

the external circuit to balance the charge. At the Li metal anode, all of the Li ions and the

Mn ion are deposited. During discharge, the 8 Li ions can be re-inserted into the LMO
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Figure 11.5

A schematic diagram of the coulombic imbalance caused by Mn

dissolution in LMO/Li cells during one charge and discharge
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structure but the charge corresponding to the transferred Mn cannot be recovered. Thus
only 8 electrons are passed back through the external circuit during discharge. In
Equation 3.15 this leads to a CE less then unity (1.0000) and indicates the presence of a
parasitic process. A similar mechanism involving transition metal dissolution from NMC

would affect the CE of the cell in a similar way.
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Figure 11.6  Coulombic efficiencies for all the mixed electrode cells plotted versus
cycle number. The cells were charged and discharged at C/10 and at the
temperatures indicated.

145



Figure 11.6 shows the CE versus cycle number for the same cells described by
Figures 11.2, 11.3 and 11.4. The CE of the cells at 40, 50 and 60°C was strongly
dependent on NMC content, such that as the amount of NMC in the electrodes increased,
the CE increased towards unity. This suggests that the coulombic imbalance caused by
Mn dissolution was worse in LMO rich electrodes than it was in NMC rich electrodes.

Figure 11.7 shows the CE versus Mn content found in the Li metal negative
electrodes after cycling for the same cells described by Figure 11.6. The CE of the cells
decreased as the Mn content in the negative electrodes increased. Pure NMC electrodes
show a stronger decrease in CE with Mn content (triangles in Figure 11.7) compared to
LMO electrodes (squares in Figure 11.7). This may be because Co and Ni dissolution

also contributes to the imperfect CE of the NMC electrodes.
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Figure 11.7 Coulombic efficiencies versus Mn content found in the Li negative
electrode of the mixed electrode cells.
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All the cells show significant charge endpoint
slippage at all temperatures.

Figure 11.8 shows the charge endpoint capacity versus cycle number for the same

cells described in Figure 11.2. The charge endpoints move, or slip, to higher relative

capacities with cycling and this slippage is quite severe for all cells. In Chapter 3 it was

shown that the slippage of the charge endpoint was governed by electrolyte oxidation,
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positive electrode capacity loss, shuttle mechanisms, metal ion dissolution or some
combination of these occurring in the cell. Figure 11.7 suggests that Mn dissolution was
an important contributor to the coulombic inefficiency of the mixed electrodes, so it
seemed likely that it also played an important role in the charge endpoint slippage.

Figure 11.9 shows the charge slippage that occurs during the time of one charge —
discharge cycle for the cells described by Figure 11.8 plotted versus the Mn content
found in the Li metal negative electrode after cycling. Electrodes with the same ratio of
NMC and LMO show a roughly linear increase in measured charge endpoint slippage as
a function of Mn content (trend lines added to help guide the eyes). This suggests, as in
Figure 11.7, that Mn dissolution was an important contributor to the charge endpoint
slippage of the mixed electrodes. Figure 11.9 also shows that as the concentration of
LMO in the mixed electrodes increases, the slopes of the charge endpoint slippage versus

Mn content graphs decrease.
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Figure 11.9  Absolute charge endpoint capacity slippage per unit time plotted versus
the content of Mn found at the Li negative electrode for the cells described
by Figures 11.7 and 11.8.
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Figure 11.10 shows the Mn content lost from the positive electrode per unit of
charge endpoint slippage (i.e. the inverse of the slopes in Figure 11.9) plotted versus the
percentage of LMO in the electrodes. As the concentration of LMO in the electrodes
increased, the amount of Mn lost per unit of charge endpoint slippage also increased, but
the increase was not linear. The dotted line in Figure 11.10 shows a linear trend line.
This suggests that adding NMC to the electrodes causes a synergistic effect which
reduces the amount of Mn dissolution over that simply expected from a physical mixture.
It is worth noting that the maximum charge endpoint slippage in Figure 11.9 is not
reduced by NMC addition, so in the presence of NMC other processes, such as
consumption of protons [135], may be occurring that lead to high charge endpoint

slippage.
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Figure 11.10 Inverse slopes of the fitted lines in Figure 11.9 plotted versus percentage
LMO in the electrodes. This shows that the amount of Mn produced per
unit of charge endpoint slippage is reduced in the mixed electrodes
compared to that expected (dashed line) for a physical mixture.
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Figure 11.11 shows the fractional capacity loss plotted versus Mn content found
on the Li negative electrode after cycling for LMO/Li (no NMC) half cells cycled 5, 10,
20 and 50 times at 55°C. The fractional capacity loss increased with the Mn content
found on the negative electrode. This suggests that Mn dissolution is also an important
contributor to the capacity fade of the LMO electrodes in agreement with the findings of

other authors [68,69,129].
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Figure 11.11 Fractional capacity loss plotted versus Mn content found in the Li
negative electrode of LMO/Li1 cells versus cycle number. LMO/Li cells
were charged and discharged at C/10 and at a temperature of 55°C.

Figure 11.12 shows dQ/dV versus V of the three most LMO rich LMO/NMC
electrodes at 50°C for the 2™ 5™ and 10™ cycles. For the two NMC-containing
electrodes there is a very stable peak at ~ 3.75 V caused by the presence of NMC. The
two LMO peaks at ~ 4.00 V and ~ 4.15 V changed with cycle number but became more

stable as the NMC content increased. This suggests two things; that the principal

contributor to the capacity loss of the mixed electrodes was the LMO component, and
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that somehow NMC stabilizes LMO during cycling. The right hand column of Figure
11.12 shows the effect of this stabilization in an expanded view of the 4.15 V LMO peak.
The peaks do not drop proportionally with LMO content. By the tenth cycles the
50%:50%, 75%:25% and 100%:0% electrodes drop by 33.9 mAh/gV, 102.6 mAh/gV and
186.3 mAh/gV respectively. As in Figure 11.3, this suggests that adding NMC to an

LMO electrode can somehow dramatically improve the cyclability.
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Figure 11.12 dQ/dV versus V of the three most LMO-rich electrodes at 50°C charged
and discharged at C/10.

Figure 11.13 shows dQ/dV versus V for the same cells described by Figure 11.12,

but only the LMO component. This Figure was prepared by fitting the 3.75 V NMC peak
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of the mixed electrodes with the dQ/dV vs. V of the pristine NMC electrode cycling at
the same temperature. Once a proper fit was made, the dQ/dV versus V of the NMC
component was subtracted from the dQ/dV versus V of the mixed electrode leaving only
the LMO dQ/dV versus V behind. The three LMO dQ/dV versus V curves changed in a
similar way. The ~ 4.00 V and ~ 4.15 V LMO peaks decreased in height, the dQ/dV
versus V level above 4.18 V increased and the ~ 4.09 V minimum remained about at a
constant height with cycling. If the capacity loss was simply a matter of loss of active
material, it would stand to reason that dQ/dV versus V of the LMO component would
decrease proportionally and maintain its original shape. If serious impedance increases
were occurring, the ~ 4.00 V and ~ 4.15 V LMO peaks would have shifted to higher

potentials. This is not the case.
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Figure 11.13 LMO component of the dQ/dV versus V of the three most LMO-rich
electrodes at 50°C charged and discharged at C/10.
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The dQ/dV versus V curve of Lij+xMn,O4/Li cells changes systematically with
x [144]. Peaks decease in height as x increases, just as is observed in Figure 11.13. This
suggests that Mn dissolution is occurring, leading to a material with excess lithium that
has lower specific capacity. We do not claim that the materials are exactly Li;xMn,<O4
throughout every particle as it is most likely the Mn loss is most severe at the surface of
the particles. Hence x in Li;+xMn,4O4 most likely is larger at the particle surfaces than in
the interior. This should lead to a broadening of XRD patterns of the electrode material
taken after some cycles since the lattice constant depends on x [144].

Figure 11.14 shows the XRD pattern of a pristine LMO electrode and 3 other
LMO electrodes cycled on the HPC 2, 5 or 9 times at 50 °C. The XRD peaks broaden
with cycling suggesting a range of lattice constants within each particle as suggested

above.
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Figure 11.14 XRD of a pristine LMO electrode (A) and LMO electrodes charged and
discharge 2 (B), 5 (C) or 9 (D) times. X-rays of the cycled electrodes
were collected after they were equilibrated at 3.0 V vs. Li/Li". Each
successive XRD spectra has been shifted vertically and horizontally for
clarity
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Figure 11.15 shows the dQ/dV versus V (left panel) for the last charge of the
electrodes described by the XRD patterns shown in Figure 11.14. The dQ/dV vs. V
curves of the cells were consistent with those seen for the 100% LMO electrode in Figure
11.12. Figure 11.15 also shows selected expanded views of the XRD pattern (right
panel) in Figure 11.14. For example, the (311) Bragg peak is indicated near 36.3° in
Figure 11.15. The majority of the peaks in Figures 11.14 and 11.15 show broadening on
the right hand side consistent with Li;+xMn,,O4 with a larger value of x (smaller lattice
constant) forming at the surface of the particles. Figure 2 in reference [145] gives the
lattice constants versus X in Li;:+xMny.4O4 and shows that a = 8.12 A for x = 1/3, the limit
of x when all the Mn is in the 4+ oxidation state. If a = 8.22 A, then the (311) Bragg
peak should appear at a scattering angle of 36.24° and if a = 8.12 A, the (311) peak is at
36.70°. Figure 11.15 shows that the (311) peak is initially near 36.2° but, with cycling,

develops a broad shoulder that could arise from a broad peak centered near 36.7°,
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Figure 11.15 dQ/dV vs. V of the last charge for the cells described by Figure 11.14
(Left Panel). Expanded views of the XRD patterns of a pristine LMO
electrode and LMO electrodes charged and discharged 2, 5 or 9 times (as
indicated).
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consistent with the formation of a thin surface layer of Li;+xMn,,O4 with x near 1/3.
Tarascon’s group has reported similar XRD patterns for LMO electrodes exposed to
100°C temperatures in short term storage tests [68,146,147]. In the most recent of these
reports [147] they concluded that this new phase was a Li rich protonated phase. This
may be the case, but we also believe the data in Figures 11.14 and 11.15 are simply

consistent with Li;,Mn,_,O4 [148].
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Figure 11.16 Fractional capacity of two LMO/graphite 18650 cells versus cycle
number. The nominal 1400 mAh cells were tested at 55°C using charge
and discharge currents of 25 mA. The cells were cycled between 3.0 and
4.2 V. Seventeen months of continuous testing is shown here.

Figure 11.16 shows the capacity versus cycle number for extended long-term
cycling of two commercial LMO/graphite 1400 mAh 18650 cells [from a well-known

manufacturer]. The cells were charged and discharged at 25 mA between 3.0 and 4.2 V

at 55°C. The data represents 17 months of continuous cycling at 55°C. The cells lost

capacity dramatically at the beginning. As time went on, X in Lij+xMn,O4 presumably
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increased and the specific capacity dropped (Qspecific = 148 (1-3x) mAh/g) but the Mn
dissolution apparently slowed greatly and the capacity more or less stabilized eventually.
Much of the capacity lost in Figure 11.16 was due to consumption of lithium in the SEI at
the graphite electrode as has been shown in numerous publications [34,67,69,128,130].
The SEI is thought to be damaged by the incorporation of Mn, so as Mn dissolution
slowed as x in Li;+xMn, Oy increases, the capacity loss rate decreased.

Similar to the publication by Numata et al. [131] it is clear that that the presence
of another positive electrode material helps reduce mechanisms where Mn dissolution is
produced from LMO electrodes [131]. Hence, electrodes containing more NMC are
apparently better able to slow down these reactions and then apparently x in Li;,Mny 4Oy
increases more slowly with cycle number.

Physical mixing of electrode materials offers many possibilities to researchers and
battery manufacturers, because the short-comings of one electrode material can be
compensated by the advantages of another. Most interesting is that often the mixture
performs better than expected due to some synergistic interplay between the materials as
is the case in the experiments reported here. A full understanding of these synergistic
effects, beyond the scope of this report, is required to push Li-ion battery technology as

far as it can go.
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Chapter 12 Conclusion and Future Work

12.1 Conclusion

Li-ion batteries are used in cell phones, digital cameras, laptop computers and other
portable electronic devices because of their high energy density and long life time. Li-
ion batteries now outlive many of the devices they power. New applications such as
electrified vehicles, satellites and grid energy storage need Li-ion batteries with longer
calendar lives than those for portable electronics applications. However, to ensure that the
cells have the required life times is problematic because it would take an extremely long
time to test. In an attempt to show that cells can survive some desired number of cycles
many battery manufactures and researchers use high rate cycling to evaluate their cells.
Figure 9.6 shows that such accelerated testing may, however, lead to spurious
conclusions about cycle life under realistic conditions. This thesis shows that precision
coulometry and storage techniques are more useful for evaluating cell failure mechanisms
and lifetimes than traditional battery testing equipment.

High precision coulometry not only provides accurate coulombic efficiency
measurements, but also allows the slippage of the charge and discharge endpoints to be
carefully detected. As discussed in Chapter 3 the motion of these endpoints is associated
with various parasitic reactions occurring inside cell, such as the growth of the SEI,
electrolyte oxidation, electrode damage, etc. Therefore, changes in the slippage rate of a
cell can lead to an understanding of how different electrode materials, electrolytes,

electrolyte additives or cycling conditions impact the components of the cell. This
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technique, however, does not give information about the mechanisms but allows the
impact of all the mechanisms to be measured.

dV/dQ analysis was also shown as a powerful technique for evaluating the failure
mechanisms of Li-ion cells. The dV/dQ program allows the potential versus Li and
absolute capacity of each electrode in a full cell to be determined from simple voltage
versus capacity charge-discharge cycling data from a full cell. Chapter 6 showed that by
matching the calculated dV/dQ fits from the program to the experimental dV/dQ versus
V results, the electrode slippage and capacity loss rates could be accurately determined.
There may be no better technique for evaluating and differentiating different capacity
loss mechanisms in real Li-ion cells.

Precision coulometry has shown that the SEI growth rate and consumption of Li
on graphite electrodes can be described quite well with the parabolic growth law
[Equations. 8.1-8.3]. This, in turn, means that time, not cycle count, will dominate the
loss of lithium at the negative electrode in Li-ion cells cycled at low rates. This has been
shown to be the case for graphite half cells (Figure 8.5). Minimizing the negative
electrode specific surface area was also shown to be a key factor in reducing the
continual loss of lithium from Li-ion cells due to continual SEI growth (Figure 8.8).
Many researchers believe that the SEI forms in the first cycle and then stops. This is not
the case, at least in the temperature range between 30 and 50°C for 1 M LiPF¢ EC:DEC
electrolyte. Therefore, high surface area negative electrodes will continue to remove
active lithium from cells during cycling and storage faster than low surface area

electrodes.
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This thesis has shown that the addition of NMC to LMO-based positive electrodes
produces a remarkable improvement in the capacity retention of the cells at elevated
temperatures. Even with a modest addition of NMC to a LMO electrode, the capacity
retention was significantly better than expected when compared to a prediction based on
the sum of the results for the individual positive electrode materials (Figure 11.3). It was
also found that NMC helps to suppress Mn dissolution from LMO, and that this
dissolution is a major contributor to the capacity loss and coulombic inefficiency of the
LMO/Li cells (Figure 11.7). This data showed that high precision coulomtry could be
used to directly measure parasitic processes like metal ion dissolution. This study also
showed that in the presence of NMC the electrodes retained more Mn ions and helped to
prevent the LMO material from forming into a more Li rich, lower capacity, phase on the
particles surfaces.

This thesis also showed commercial LiCoO; and Li[NiCoMn]O,/graphite cells
cycling between narrow voltage limits and stored at various voltages. It was found that
narrow range cycling is a useful technique for identifying the relative amount of damage
caused in cells by cycling the cells between different voltage limits. Thus researchers
could use these kinds of tests to assess the ideal voltage limit for different cell
chemistries. Storage experiments performed on the same cell chemistries also revealed
similar problems caused by electrolyte oxidation. High precision narrow range cycling
and storage experiment results should be used in concert to extract information about the
different parasitic currents that occur in a Li-ion cell.

It is our opinion that high precision coulometry is a useful tool that should be used

widely by Li-ion battery researchers. It is highly unfortunate that commercially available
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battery cyclers lack the required precision for these experiments at this time. We
encourage battery cycler manufacturers to produce equipment with the required precision

for these studies.

12.2 Future Work

The work performed for this thesis lays the basic foundation for studies involving the
precision coulometry of Li-ion batteries. However, despite the advancements of the HPC
it can still only measure CE with an estimated accuracy and precision of about 0.01%.
For a battery to meet the more preferable goal of 10000 cycles, it would have to have a
CE of at least 99.999% which means the HPC would have to be able to measure CE to an
accuracy and precision of one part in 10>. In order to improve the HPC, the
specifications of accuracy and precision described in Table 4.1 need to be more carefully
controlled. To improve the accuracy of the delivered current, the current could be
measured using a precision voltmeter measuring the potential drop across a precision
resistor placed in series with the cell under test.  Electronic equipment can often be
sensitive to changes in the ambient temperature in which they are stored. The precision
of the measured cell voltage could hence be improved by temperature controlling the
voltmeters

The length of time between voltage measurements could be shortened by reducing
the number of channels on a single system and improving the operating software. The
current operating software was written in LabVIEW™ which like most visual
programming languages is relatively slow. In addition, the HPC has 10 channels per

system and spends an average of 500 msec per channel, thus each channel can only be
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monitored every 5 seconds. A streamlined operating system and a reduced number of
channels per system would allow every channel to be monitored on a more regular basis
and help reduce time related errors.

Fluctuations in cell temperature could be reduced by equipping each cell with an
individual heat sink. The thermostats used by the HPC have been shown to vary by only
0.25°C over long times, however heat sinks would average over these changes and reduce
variations in cell temperature. As the coulombic efficiency of well made Li-ion cells
approach values closer and closer to unity, more accurate battery testing systems will be
needed to detect the small deviations from a “perfect” CE of 1.000000....

In this thesis studies like precision coulometry, storage tests and dV/dQ analysis
were introduced as a means of monitoring degradation in Li-ion cells. However, other
studies can also be used to understand the different failure mechanisms occurring inside
the cells. Electrochemical impedance spectroscopy can be used to measure small
changes in the internal impedance of a cell. When cycling with large currents, growth in
the internal impedance of a cell can cause an increase in the polarization of the cell
voltage, which can result in capacity loss. Using impedance spectroscopy, the impact of
different cell chemistries on the internal impedance of a cell can be quantified, so that the
best cell design can be chosen. In fact, AC impedance measurements on cells tested on
the high precision charger are now a standard in our lab [149], introduced after the
author’s experiments were completed

These electrochemical tests allow the impact of different cell chemistries to be
measured, but do not identify the exact mechanisms occurring in the cell. Ex-situ

material analysis studies can be done to better understand the nature of the failure
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mechanism. If the mechanisms behind the unwanted reactions could be understood, work
could be done to develop solutions to improve cell performance. Ex-situ tests, such as X-
ray photoelectron spectroscopy [150—152] are now possible using the new organic XPS
system recently commissioned by Ian Hill.

In this thesis, different positive and negative electrodes, voltage ranges and slow
cycling rates were tested to observe the impact these parameters have on the coulombic
efficiency of the cells. Certainly, the combination of tests involving the above
parameters could be endless. Not shown in this thesis are high precision tests involving
different electrolytes, salts and electrolyte additives performed by Chris Burns and Nupur
Sinha [35,149,153]. The HPC is very useful in detecting the effect these electrolyte
additives have during the initial cycles of the cell, so that the best combination of
electrolyte additives can be quickly screened and selected for production.

Tests involving high rate cycling on the HPC would allow the effects of Li plating
on the negative electrode to be carefully quantified. These tests would be particularly
useful in the automotive industry, where Li plating is often caused by the large currents,
from regenerative braking, that quickly charge the batteries in electrified vehicles.

As the cycle life for Li-ion cells increase, the techniques used to test the cell must
improve as well. Combinations of precision coloumetery, storage, dV/dQ analysis and
impedance spectroscopy experiments help to identify the failure mechanisms occurring
inside the cells that will eventually limit cell performance. Combinations of carefully
conducted experiments examining parasitic reactions allow for a thorough screening of
new electrode materials, electrolyte, additives and cell designs that will produce longer

cycle lives and meet the industrial demands of the future.
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Appendix A Li Accounting for Narrow Range
Cycling

In Chapter 3 a Li inventory model was introduced to account for the loss of Li to the most
common parasitic processes in Li-ion cells. In this model each parasitic process has an
effective parasitic current and corresponding capacity per half cycle of a Li-ion cell. The
inventory model can be used to make a mathematical relationship between these parasitic
processes and some of the measurable quantities, like coulombic efficiency, charge
endpoint capacity slippage, capacity fade per cycle, and so on. However, the model
developed in Chapter 3 only relates these parasitic currents to the measurable quantities
for a full Li-ion cell cycled over 100% state of charge in a situation where the negative
electrode is completely emptied of Li during each discharge. For the narrow range
cycling shown in Figure 3.7, this is not the case and the inventory model developed in
Chapter 3 needs to be modified.

To keep track of the effects of the various parasitic processes described above, an
inventory of all the active lithium in the cell cycling between narrow voltage limits is
maintained. For the purposes of the model it is assumed that the cell has completed a
single formation cycle (i.e. the first charge and discharge of the cell) and has finished in a
completely discharged state before the first charge.

Using the calculated capacities in Table 3.3, the different parasitic processes
described in Chapter 3 can be related to some of the measurable quantities of the cell
cycling between narrow voltage limits. As observed in Chapter 3, cell A in Figure 3.6
(positive electrode is the limiting electrode at the bottom of discharge) is simply a

limiting case of a cell cycling between narrow voltage limits, where K=0. Therefore, only
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the general case is treated here. The slippage per cycle of the charge endpoint, Ac, and

discharge endpoint, Ap, can be expressed as:

AC=Q‘C_Qd=QO_I<+QOxa_3Qp'Qo_"1<+q0xa+Qp

Ac=2qox" —2qp

and

ADch_deQo_K+QOxa_Qp'Q0+K+QOXH+Qp

AD = 2q oxa

(A.1)

(A.2)

where Q4 is the discharge capacity of the cell and Q. and Q. are the charge capacities

immediately preceding and following Qq, respectively. The capacity fade per cycle of a

Li-ion cell can also be determined by subtracting Equation A.1 from Equation A.2, to

give:

Fade = Ap — Ac = 2¢,

Using the information in Table 3.3, one obtains:

O S

0. 0,-K+q, —q,

2q, Ap
CE=~1- % —1—
(QO_K) (QO_K)
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(A4)

(A.5)



where Equation A.5 is a first order approximation of Equation A.4. Equation A.5 also
shows that CE can be directly related to Ap (Equation A.2) of the cell. The effects of
shuttle mechanisms, involving onb, have not been included in these expressions for CE,
Ac, Ap, and Fade but will be included next.

Finally, using the expressions for Ip;, Iox", onb and I, in Chapter 3 one can rewrite

Equations A.1, A.2, A.3 and A.5 in terms of the parasitic currents:

CE = 1- 2[Iox* + Io")/Ia (A.6)
Ac =2(QuK) [Tox" — T, + 1oy "VIa (A7)
Ap = 2(QoK) [Tox" + T}/ (A.8)
Fade = 2(Qo-K) [I,]/1a (A.9)

The parasitic currents associated with onb do not change the amount of active Li in the
cell so I, could be easily incorporated into equations A.6 through A.9. During each half
cycle, they serve to increase the charge capacity by (Q.-K) Ix/Ix and decrease the
discharge capacity by (QO-K)IOXb/IA. Most interesting about these equations is that even
though Li is lost to the SEI, via Iy, this does not contribute to capacity loss for narrow
range cycling where the negative electrode potential does not vary with capacity.

Capacity fade is observed only through positive electrode damage.
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