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"To achieve great things, two things are needed:

a plan, and not quite enough time.”

-Leonard Bernstein






Abstract

In the ongoing search for higher energy Li-ion batteries, the discovery of new cathode materi-
als is of critical importance. Therefore, employing high-throughput methodologies to greatly
increase the number of compositions studied is an attractive solution to rapidly screen and
optimize next-generation battery materials. While the combinatorial investigation of cath-
ode materials has been reported in the literature, studies have been limited to structural
characterization, with electrochemical characterization having only been performed on se-
lect compositions. Herein, we adapt a high-throughput electrochemical testing system in
order to test 64 different mg-scale cathode compositions simultaneously. As the ~2 mg
samples are synthesized in the same way as commercial materials, the results scale-up very
well to that observed in bulk samples. Excellent agreement with literature is observed for
both the peak potentials and the capacities obtained for the two test materials: LiCoO, and
Li[Ni; ;3Mn; /3Co13]O2. Standard deviations in the 64-cell plate is about 7% for capacity and
energy density. This level of precision and accuracy is mostly limited by 5% uncertainty on
mass such that the system is considered optimized. We thus have the capability to study
important electrochemical performance metrics including energy and voltage fade between
cycles. The system is then used to study 192 samples in the Li-Ni-Mn-O ternary system, syn-
thesized and cycled in a one week period, and the results are then correlated to the structural
phase diagram. This represents the first application of high-throughput cathode screening
on powder electrode materials and enables the development of meaningful structure-property

relations that are needed for the rational design of next-generation battery materials.
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Résumé

Pour la recherche actuelle de batteries Li-ion a plus haute énergie, la découverte de nouveaux
matériaux cathodiques revét une importance cruciale. Ainsi, 'utilisation de méthodologies
a haut débit (combinatoire) pour augmenter considérablement le nombre de compositions
étudiées est une solution attrayante pour le criblage et 'optimisation rapides des matériaux
de batterie de pointe. Bien que I’étude combinatoire des matériaux de cathode ait été rap-
portée dans la littérature, les études ont été limitées a la caractérisation structurale, dont la
caractérisation électrochimique n’ayant été effectuée que sur des compositions sélectionnées.
Ici, nous adaptons un systeme de test électrochimique a haut débit afin de tester simul-
tanément 64 compositions différentes de cathodes a ’échelle du mg. Etant donné que les
échantillons de ~2 mg sont synthétisés de la méme maniere que les matériaux commerci-
aux, les résultats correspondent tres bien a ceux observés dans des échantillons échantillons
a l’échelle du g et kg. Un excellent accord avec la littérature est observé pour les po-
tentiels de pointe et les capacités obtenues pour les deux matériaux a tester: LiCoO, et
Li[Ni; ;3Li; ;3Co01/3]O2. Les écarts types dans la plaque a 64 cellules sont d’environ 6% pour
la capacité et la densité énergétique. Ce niveau de précision et d’exactitude est généralement
limité & 5% d’incertitude sur la masse, de sorte que le systéme est considéré comme op-
timisé. Nous avons ainsi la possibilité d’étudier d’importantes mesures de performance
électrochimique, notamment la perte d’énergie et de tension entre les cycles. Le systeme est
ensuite utilisé pour étudier 192 échantillons dans le systéme ternaire Li-Ni-Mn-O, synthétisés

et cyclés en une semaine, puis les résultats sont corrélés au diagramme de phase structurel.
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Ceci représente la premiere application du criblage cathodique & haut débit sur des matériaux
d’électrode en poudre et permet de développer des relations structure-propriété nécessaires

a la conception rationnelle de matériaux de batterie de nouvelle génération.
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1.1 Overview of Li-ion Batteries

A secondary battery is a device that converts chemical energy to electrical energy reversibly
and describes an individual electrochemical cell or multiple electrochemical cells that are
connected to one another in series or parallel. Each cell is comprised of several key compo-
nents including the positive electrode, negative electrode, and electrolyte.

The positive electrode (referred to hereafter as the cathode) is the electrode which is reduced
and accepts electrons from the external circuit during the discharge of a battery, whereas,
the negative electrode (referred to hereafter as the anode) is the electrode which is oxidized
and donates electrons from the external circuit during the discharge of a battery.

The electrolyte is an ionic conductor that is used to facilitate the movement of ions between
the anode and cathode in an electrochemical cell. Whereas in traditional electrochemical
cells, electrodes are immersed into a free-flowing electrolytic solution, in a battery, the elec-
trodes are isolated from one another using an electrolyte soaked porous material (separator).
As such, it is crucial for electrolytes to be electronically insulating while demonstrating high
ionic conductivity under the conditions imposed within the battery. Li-ion batteries utilize
a lithium salt, such as LiPFy, dissolved in an organic solvent. The use of an organic solvent
is advantageous as the electrochemical stability window (the potential range in which a sub-
stance is electrochemically stable) is significantly larger than that of water. It is therefore
of high importance for all battery processes to occur within the electrochemical window of
the electrolyte to prevent electrolysis of the electrolyte.

It is the combination of these three components that determines the important electrochem-
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ical properties of the battery, including cell voltage, energy density, and lifetime.!

1.1.1 Operating Principles of a State-of-the-Art Li-ion Battery

The operation of a secondary battery is based upon reversible electrochemical reactions
that take place in two half cells. Figure 1.1 depicts the operation of a state-of-the-art Li-
ion battery, which commonly uses LiCoO,, (LCO) as the cathode and graphite as the anode.

The electrochemical reactions during operation of a battery occur at the electrode-electrolyte

l € > B
A Charge Discharge
\
Anode Cathod 1 LUMO
\ oS v P
Charge :
Ly n{v E; Voc
*4)e. 4 E
OV
sveas (| 0V by Mc
— RN
Y ¥ | HOMO
—2> T2
Dlscharge’ vy
LiCoO, Anode Electrolyte Cathode
Non- aqueous Separator

electrolyte

Figure 1.1: (A) Schematic of intercalation and deintercalation processes during the charging
and discharging of a battery. (B) Relative energy levels of the electrolyte and electrode
chemical potentials in a battery. Reproduced from Ref. [1] with permission from the Royal
Society of Chemistry.
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interface and are as follows:

LiCoOy = Li;_,C00y + xLi™ + xe” E° =39V vs. Li/Li* (1.1)
6C + axLit + ze” = Li,Co E°=0.1V vs. Li/Li* (1.2)
Equations 1.1 and 1.2 represent the electrochemical processes that occur at the cathode
and anode in a LCO and graphite battery, respectively. The forward reactions represent
the electrochemical processes during charging whereas the reverse reactions represent the

electrochemical processes during discharging. The overall electrochemical reaction in the

battery may be expressed as the summation of the two half-cell reactions:

LiCOOQ + 6C = L’LIC% -+ Lil_xCOOg (13)

The change in standard free energy of this reaction is governed by Gibb’s free energy,

AG = —nFE° (1.4)

where n is the number of electrons, F' is Faraday’s constant and E° is the standard electro-
motive force (EMF). When standard conditions are not met, the open circuit voltage (OCV,

Eq. 1.5) can be defined by the Nernst equation:

RT . ari,ce@Li, ,CoO
E.,=FE°——1In v e 2 1.5
I F ALiCoOs (1.5)
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in which a represents the activity of the species, R is the gas constant, and T is the absolute
temperature. Equation 1.5 defines the OCV, when the battery has no current flowing. When
a Li-ion battery is first assembled, it is in the discharged state and requires an external
electrical stimulus to charge it. A voltage is applied across the cell, such that the transition
metal(s) in the cathode are oxidized, thereby compensating the movement of electrons and
lithium ions towards the anode through the external circuit and electrolyte, respectively
(Fig. 1.1 A). The voltage is continually applied until the desired cutoff voltage is reached.
At this point the battery is considered fully charged and is capable of supplying electrical
energy through the external circuit. When energy is needed from the battery, the external
circuit is completed, causing the reduction of the cathode material. This again causes the
migration of lithium ions and electrons back towards the cathode. While returning to their
thermodynamic minimum, the electrons are able to perform work on the external circuit. The
amount of work that can be performed is proportional to the difference in chemical potential
of the anode reductant (p4) and cathode oxidant (u¢) (Fig. 1.1 B). This is equivalent to

the OCV (V) of the battery in the charged state and may be expressed as:

1

V= ﬁ(ﬂA - ,UC) (1'6)

The maximum duration (¢) that work can be performed is determined by the capacity (Q)
of a battery.

t =

. 0
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The capacity is defined as the amount of charge that a battery can deliver, and is usually
measured at a constant current (7). The theoretical capacity (Qneo) can be determined by
way of Faraday’s Law and is dependent on the molecular weight (MW) of the electrochem-

ically limiting species. For LCO, where n = 1, we obtain:

reo 1000 X nF

= 073 ARy L.
theo = 3600 a0 AN (18)

In practice, it is extremely rare for a battery to attain the expected theoretical capacity dur-
ing discharge. In particular, while LCO presents a high theoretical capacity of 273 mAhg™,
only 170 mAhg'! can be cycled reversibly.? The limitation of experimental capacity can be
caused by many factors, however the end result is the prevention of reversible intercalation
processes in the battery. For example, in the case of LCO, the capacity is limited upon
extracting greater than half of the Li (x; > 0.5) on charge, as it introduces irreversible
structural transformations, preventing reintercalation during discharge.? In addition, charg-
ing to higher potentials can often initiate other electrochemical processes, forming parasitic
side-products that prevent further intercalation processes. Depending on the severity of
these unwanted processes, significant effects may be seen as early as the first cycle and will
often be reflected in the irreversible capacity (Q;.-). Irreversible capacity is a measure of
the reversibility of a battery and considers the difference of capacity attained on charge and

discharge:

Qirr _ Qchargz)_h Qdischarge % 100 (19)
charge
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It is important to note that while a loss of capacity may be seen in the first cycle, it is impor-
tant to consider the trend in irreversible capacity over many cycles. During the initial cycles
of a battery, a passivation layer, referred to as the solid electrolyte interphase (SEI), forms
on the anode. The SEI layer forms when the voltage at which the anode operates is outside
of the electrochemical window of the electrolyte. This contributes to an initial decrease in
discharge capacity as the passivation layer traps lithium, preventing it from intercalating
into and out of the structure. While the SEI initially serves to stabilize the interface of the
electrolyte and anode, it can continually grow causing gradual loss in capacity and occasion-
ally even complete passivation of the anode surface. The rate of the SEI formation is highly
dependent on the battery system and is reflected in the irreversible capacity during later
cycles.

In addition to capacity, there are several other key performance metrics that may be con-
sidered. Specific energy (E), the amount of energy per unit mass, is amongst the most
important performance metrics and is of high relevance to electric vehicles, as it determines
the range of vehicle. Further, it provides a common reference point to compare various bat-
tery materials. The specific energy is determined by considering the specific capacity and

average operating voltage (V;,,) of a battery and is given by:

E = VoyQ (1.10)

While the theoretical specific energy may be determined, similar to that of specific capacity,

it often differs significantly from that of the experimental specific energy. Over the last thirty
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years, there has been considerable efforts to improve initially promising battery systems to
reach the ultimate goal of attaining their theoretical limits. Along the way, these efforts
had to address other and often competing factors affecting the batteries use in applications
including their power, safety, and cost. Therefore, tracking multiple metrics is essential in

battery development.

1.1.2 Electrochemical Testing of Battery Materials

Various electroanalytical techniques may be used to investigate battery materials, including
galvanostatic and voltammetric methods. The difference in these two families of techniques
stems from the electrochemical variables that are being controlled and monitored. In par-
ticular, galvanostatic techniques measure the voltage across a cell while current is constant,
whereas voltammetric techniques measure the current passing through a cell as the voltage
is swept.? This section will explore the relevance of each technique to the electrochemical

testing of battery materials.

1.1.2.1 Galvanostatic Measurements

As seen in Figure 1.2, galvanostatic methods apply a predetermined constant current and
measure the corresponding voltage as a function of time. The application of a constant
current closely models the operation of a battery, where a constant load is present upon
discharging. Therefore, galvanostatic techniques are the most prominent in battery research.
The applied current is often described using C-rate notation. C'/n represents the current

required to charge or discharge the battery in n hours. For example, a rate of C'/2 corresponds
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Figure 1.2: Galvanostatic measurement. (A) The applied constant current to a cell as a
function of time and (B) the resulting voltage response as a function of time. Reproduced
from Ref. [3] with permission from Wiley and Sons.

to the current required to charge or discharge the battery in 2 hours. The potentiostat then
dynamically controls the applied voltage to maintain constant current. As a consequence of
this, horizontal plateaus, indicative of 2-phase intercalation processes, are often present in

voltage-time and voltage-capacity plots.

1.1.2.2 Voltammetric Measurements

In voltammetric-based experiments, a potential waveform governs the potential applied to
the cell and the corresponding current is measured as a function of time. Two predominant
voltammetric techniques used in battery research include linear sweep voltammetry (LSV)
and cyclic voltammetry (CV). Whereas LSV applies a unidirectional potential sweep, CV
applies a potential sweep in two directions such that the direction is reversed at a vertex
potential (E)). The direction reversal in CV results in a cyclic potential waveform, as seen in

Figure 1.3 A. While CV is more commonly used to determine the general behavior of a system
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Figure 1.3: Cyclic voltammetry. (A) Characteristic cyclic potential waveform applied during
cyclic voltammetry and (B) the corresponding current response as a function of applied
potential. Reproduced from Ref. [3] with permission from Wiley and Sons.

(i.e. electrochemical stability window, redox potentials, etc.), it is also possible to convert i
vs. V plots obtained with cyclic voltammetry into voltage-capacity plots comparable to those
obtained by galvanostatic methods, thereby enabling the determination of relevant battery
performance metrics. To do this, the experimental capacity (Qesp) may be determined by

the integral of current over the relevant interval of time (e.g. ty to t), as seen in Equation

1.11:

t
Qew:/ i-dt (1.11)
to

It is important to note that while voltammetric techniques can provide the same electro-
chemical information as galvanostatic techniques, close attention must be paid to the scan
rate. Since intercalation processes can require significant time to occur, it is often necessary
to employ an extremely slow scan rate to avoid mass transport effects. If the redox pro-
cesses are characterized in the system of interest, LSV can be advantageous. Using LSV,

a custom potential waveform can be designed to vary the scan rate over different voltage
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windows to correspond to the separate electrochemical processes occurring. For example, a
potential window with no electrochemical processes could employ a much quicker scan rate
than a potential window in which redox processes are active. This strategy approaches that
of galvanostatic testing and can be employed in situations where constant current techniques

may not be permitted (as will be the case in the high-throughput cells in Chapter 3).

1.2 Cathode Materials

1.2.1 Motivation for Cathode Development

The commercialization of Li-ion batteries signified a revolutionary moment for the technol-
ogy sector. Their inherent high energy density and long lifetime enabled the wide-spread
implementation of portable electronic devices, and, more recently, the development of elec-
tric vehicles (EVs). Even though the Li-ion batteries of today surpass what is required for
small portable electronics, the EV market still needs substantial improvement of several key
performance metrics. An exponentially increasing trend, beginning in 2017 with EV sales of
US $25 billion, is expected to reach US $75 billion by 2025.4 It is therefore critical to ad-
dress any performance shortfalls to continue to meet global demand. Figure 1.4 illustrates a
radar plot of required improvements to key performance metrics, set by BMW, to enable the
wide-spread implementation of EVs by 2025.% While certain metrics such as their safety and
lifetime for Li-ion batteries are sufficient today, increasing the specific energy by a factor of

4 and decreasing the cost by a factor of 3 are crucial for EVs.® These targets currently serve
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to direct a significant portion of research and development to focus on cathode materials,
as it is the cathode that limits the specific energy of the battery and represents the most

expensive component upon manufacturing.

1.2.2 Common Crystal Structures of High-Energy Cathode

Materials

In the on-going search for improved materials for high energy density storage devices, the
complexity of the materials employed has increased drastically. Whereas the first commer-
cialized Li-ion battery had LiCoO, (LCO) as the cathode material, cathodes produced today
for important applications such as EVs are typically pseudo-quaternary oxides. This has in-
volved making substitutions on the Co sites resulting in Li[Ni,Mn,Co]Oy or Li[Ni,Al,Co]Os.
In particular, the cathodes used in state-of-the-art high-energy Li-ion batteries can be di-
vided into two groups of crystal structures: (i) ordered rock salt or layered oxides, and (ii)
spinel type structures (Fig. 1.5 A-B)."8

Figure 1.5 A illustrates the crystal structure of a layered oxide cathode. Layered structures
(Li[M]O5 where M = Co, Ni, (Ni,), and (Ni,Mn,Co,)), present alternating layers of MO,
slabs and Li sheets. The MO, slabs are hexagonal arrays of MOy octahedra, such that the
M and Li are octahedrally coordinated (1:1 stoichiometric ratio). The oxygen sublattice is
7

cubic close packed (ccp), stacking in an ABCABC (O3) sequence.

Spinel structures (Li[X],O4 where X = Mn, (Mn; s Liy) and (Mn%Ni%)), illustrated in

Figure 1.5 B, are similar to that of layered in that they are arranged in a ccp sublattice,
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ode materials. Adapted from Refs. [9-13].
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however they maintain a M to O, ratio of 3:4. This results in Li and M residing in tetrahedral
and octahedral sites, respectively, in the sublattice.”

The main consequence of the difference in crystal structure is the pathway that Li interca-
lation occurs through. In particular, layered oxides present a two-dimensional (2D) lattice
framework whereas spinel structures present a three-dimensional (3D) framework for ion
diffusion. The 3D lattice in spinel materials typically presents greater structural stability
resulting in increased safety and power, as observed in spinel based cathode materials.®
Each class of crystal structure demonstrates significantly different electrochemical properties
(i.e. average voltage, stability, rate capability) and subsequently have been commercialized
for various applications that place emphasis on difference performance factors. Examples of
commercialized high-voltage cathodes of each structure may be seen in Table 1.1. Figure

Table 1.1: Summary of key properties of high-voltage cathode materials for Li-ion batteries.
Electrochemical data was compiled from Ref. [49].

Material Structure Avg. Voltage Capacity Energy Commercialized
\% mAhg! Wh/cm?

LCO Layered 3.9 140-160 3.05 Yes
Li[Nij-x-y Mn4Co,]O2 Layered 3.8 150-180 2.6-3.2 Yes
Li[Nig.sCo1.5Al10.05]O2 Layered 3.7 200 3.54 Yes
Li[Liy /9Ni; /3Mng /9] O2 Layered 3.8 240 4.06 No

LiMn,Oy4 Spinel 4.05 120 1.8-2.0 Yes
LiNip 5Mn; 504 Spinel 4.6 145 2.63 No

1.5 C-D illustrates the electrochemical profiles of various layered and spinel materials.® 13

As seen, layered materials typically present rather broad redox peaks (i.e. slanted plateaus
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in the voltage-capacity curves) whereas spinel materials present sharp, doublet redox peaks,
emphasized when considering the cyclic voltammograms (Fig. 1.5 D).

In addition to crystal structure, material composition also greatly impacts electrochemical
behavior. Each material in Table 1.1 presents starkly different electrochemical behavior,
irregardless of the class of crystal structure. In particular, it is interesting to compare
LiMn,O, and LiNipsMn; 504. Despite both being spinel structured materials, LiMn,O,
demonstrates a significantly lower average voltage and capacity (Table 1.1). This is extremely
evident upon comparing the redox peaks of LiMn,O, and LiNiysMn; 504 in Figure 1.5(D).
Whereas in LiMn,O,, Mn is oxidized from the 3% to 47 state, upon the addition of Ni (i.e.
LiMn; 5Nig505), Mn remains inactive thereby stabilizing the structure and Ni is oxidized
from the 2% to 4% state at higher voltages.'*'® As such, LiMn,0O, and LiMn; 5Niy 50, are
considered low voltage and high voltage spinel materials, respectively. While some trends
such as this example are well understood in the literature, there remains a poor understanding
of most structure-performance relationships. Due to this, increased electrochemical studies
are required to elucidate more nuanced relationships. In particular, systematic searches
through the Li-Ni-Mn-Co-O and Li-Ni-Co-Al-O systems are badly needed (all materials in
Table 1.1 lie in these under-explored systems). This thesis represents a 1% step in the effort to

enable and expedite the development of these important structure-performance relationships.

1.2.3 First Generation Cathode Materials

Layered oxide structured materials represent the most successful first generation cathodes.

First reported in 1980 by Goodenough et al., LCO was commercialized by SONY in 1990
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and is considered the first successful intercalation cathode.'® While LCO promised a high
theoretical capacity of 274 mAhg™, only a little over half can be consistently obtained during
cycling. During cycling (Fig. 1.6 (red)), Co becomes partially oxidized from the 37 to 4™
state, as lithium is removed, resulting in shearing of the crystal lattice upon sufficient Li ex-

traction (xr; > 0.5, where x; is the fraction of Li extracted). This results in the instability
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Figure 1.6: Characteristic (A) cyclic voltammograms and (B) voltage-capacity curves for
LCO (red) and NMC (blue). Reproduced from Ref. [52] with permission from the American
Chemical Society.
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of delithiated phases causing irreversible structural changes evident in the observed rapid
capacity fade. There has been a great deal of efforts to increase the capacity of LCO and
improve its long term cyclability. In particular, surface modification of LCO particles com-
bined with doping of various transition metals (TM) has been found to improve the stability
of the delithiated phases and enable higher voltage cycling. These efforts have achieved a
maximum capacity of 164 mAhg™! in commercialized cathodes.?!” Despite these successes,
there are still several drawbacks due to the high cobalt content, including, high toxicity and
cost. As such, LCO is considered to have reached maturation today, and in doing so served
as a framework for the rational design of new cathode materials.

In 2001, lithium nickel manganese cobalt oxide (Li[Nij/3Mn;/3Co1/3]O2, hereafter referred to
as NMC), a layered rock salt oxide, was proposed as a next generation cathode material.!®
The combination of TMs reduced the cost and toxicity, while increasing the safety and
improving the long-term cyclability.'® Upon charging, Ni is oxidized from the 2" to 4T state
(as seen at 3.78 V vs. Li/Lit, in Fig. 1.6 (blue)), and depending on the upper voltage
threshold, Co may be oxidized from the 3% to 4T state.!®? During cycling, irreversible
capacity is minimized, as Mn** remains inactive, thereby preserving the structural stability
in the material.?! The electrochemical properties of NMC can be varied significantly by
tuning the composition of the material, i.e. varying the ratio of TMs. This possibility of
finding a higher performing NMC composition has spurred significant interest in researching
next-generation cathode materials. However, due to the vastness of compositions space, only
a few compositions have been thoroughly characterized. Making discovery more difficult is

the lack of a comprehensive structure-property relationship to guide rational development.
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1.2.4 Next-Generation Cathode Materials

Significant research today, driven by the demand of EVs, focuses on the identification of
next-generation cathode materials with increased specific energy. A promising candidate,
closely related to the stoichiometric layered oxides (LiMO,), are the Li-rich layered oxides
(Li;+xM;.4xO3). As seen in Figure 1.7 and Table 1.1, the specific capacity observed in Li-rich
layered oxides already surpasses that of the first generation cathodes (> 274 mAhg').??

The staggering increase in electrochemical activity is owed to the additional contribution

0 50 100 150 200 250 300 350
Specific capacity (mAh g”)

Figure 1.7: Voltage vs. specific capacity of stoichiometric layered oxides, including LCO
(black), NMC (red), and LiNig g5Cog 1 Alg 0502 (green), in comparison to Li-rich layered oxides
(blue). Reproduced from Ref. [22] with permission from the American Chemical Society.

of capacity from anionic redox processes.?® Whereas first generation cathodes solely relied
on cationic redox processes, Li-rich layered oxides provide the unique opportunity to har-

ness both, resulting in capacities that surpass those of the first generation. Upon sufficient
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charging (> 4.5 V vs. Li/Li*), Li-rich materials present the reversible generation of (O,)™,

resulting in the formation of O-O dimers in the oxygen sublattice.?® Figure 1.8 illustrates

the electrochemistry of Lij 9Nig13Mng54Cog.1302, a notable Li-rich layered oxide. As seen,
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Figure 1.8: Lij 2Nig13Mng5:C001302 (A) voltage-capacity plot and (B) dQ/dV plot illus-
trating the high-voltage plateau characteristic of Li-rich layered oxides, indicative of oxygen
activation and release. Reproduced from Ref. [24] with permission from Macmillan Publish-

ers Ltd.

in comparison to traditional stoichiometric layered oxides, Li-rich layered materials present

highly aysmmetric redox processes (i.e. significantly different oxidation and reduction pro-

files). In particular, the high-voltage plateau (Fig. 1.8 A, seen as an oxidation peak in Fig.

1.8 B) at 4.46 V vs. Li/Li" is characteristic of Li-rich materials and is the result of oxygen

activation and release in the material. While Li-rich oxides demonstrate great promise, fur-

ther optimization is required to mitigate the significant voltage fade and irreversible capacity
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experienced by these materials.?* Additionally, as only select compositions have been inves-
tigated, the extensive exploration of this class of materials is of high importance to identify

the most promising Li-rich candidate.

1.3 High-Throughput Methodologies in Battery

Research

Central to the development of next generation battery materials is the discovery and op-
timization of new electrode materials. To date, the development of battery materials have
largely been through traditional methods, where only a few materials of select compositions
can be thoroughly investigated in a single pass. As emphasized in the previous sections, the
compositional complexity of cathode materials has increased dramatically. As seen in Table
1.1, in the case of layered oxides, materials span a six element composition space (Li, Ni,
Mn, Co, Al and O). As such, employing high-throughput methodologies to greatly increase
the number of compositions studied is an attractive solution to rapidly screen and develop
next generation batteries. In particular, high-throughput techniques including computation
and experimentation (i.e. structural characterization) have proven very effective and will be
discussed in this section.

Ideally, a vast amount of material screening could be performed computationally, and there
has been considerable efforts to use high-throughput computation to identify candidates for
battery materials (cathodes, anodes, and solid electrolytes).?2" These methods are very

powerful, but there are limitations to their predictive power. Computational methods strug-
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gle to account for solid-solutions, as the size of the supercell becomes unmanageable in cases
where small variations in stoichiometry impact performance. It is also difficult to predict
which phases are stabilized at high temperatures, which is critical in battery materials where
all commercially relevant cathodes are synthesized at high temperatures.?® This makes it im-
perative that experimental screening is performed in conjunction with computation, as to
ensure optimum compositions/conditions are not overlooked.

Recently, a methodology for the combinatorial synthesis of lithium transition metal oxides
was established by the Dahn group.??** Through use of a liquid handling robot, mg-scale
samples were made by co-precipitation synthesis, enabling the ability to process broad ranges
of compositional space quickly and efficiently. The combinatorial samples were thoroughly
characterized with X-ray diffraction (XRD) and were found to present crystal structures and
lattice parameters closely matching that of the bulk materials published in literature.?%3%
Since this synthetic methodology yields products comparable to those used commercially
(i.e. a co-precipitation reaction is typically used in a constantly stirred tank reactor), the
characterization of materials synthesized in this fashion is of high relevance to industry.
The utility of this synthetic method is well illustrated by the combinatorial work of the
Dahn group, wherein they coupled high-throughput synthesis and high-throughput X-ray
diffraction (XRD) to elucidate the phase diagrams for the Li-Mn-Ni-O pseudo-ternary system
under a variety of synthetic conditions.®' Figure 1.9 illustrates the complete Li-Mn-Ni-O
phase diagram under both quenched (A) and slow-cooled (B) conditions.

The phase diagrams are presented in the form of ternary plots, such that a Gibbs triangle

is used to graphically represent the possible compositions of three species (in this case Li,
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Mn, and Ni) and their corresponding phase space. In particular, each axis denotes the
atomic fraction of the metal, such that contributions from Li, Mn, and Ni must sum to one
for all points in the triangle. The ratio of each phase along tie-lines are governed by the
lever rule, such that relative distance between two tied single phase compositions determines
the relative proportion of each along the tie-line. Figure 1.9 displays these phase diagrams
and demonstrates the regions of single-phase, two-phase, and three-phase that form under
separate synthetic conditions.

As seen, the phase diagrams are extremely complex and exhibit large single phase regions
that transform during cooling. While the electrochemistry was only characterized on select
compositions, it was found that the electrochemical performance of these materials varied
drastically. This is evident in Figure 1.9 C, in which select compositions along the layered
single-phase boundary demonstrated very different electrochemical profiles. This marked the
first attempt to study combinatorial samples synthesized using the same synthesis methods
as those used commercially, making the combinatorial results directly relevant to work per-
formed on bulk cathode materials. This methodology was further used to expand the 2D
Li-Mn-Ni-O pseudo-ternary to the 3D Li-Ni-Co-Mn-O pseudo-quaternary phase diagram, a
system which includes current commercialized materials (layered LCO and NMC, and spinel
LiMn,0O,) as well as Li-rich materials (Li;1xM;O2) which are of extreme interest as next-
generation cathodes.3?

While this work demonstrated the significant potential of combinatorial work on cathode ma-
terials, it was limited by the lack of high-throughput electrochemistry.3® This is also the case

in more recent work performed at Argonne National Laboratories.3* Stemming from this,
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Figure 1.9: The complete structural phase diagram for the Li-Mn-Ni-O pseudo-ternary sys-
tem mapped under both (A) quenched and (B) slow-cooled synthetic conditions. Solid red
lines represent boundaries to single-phase regions, green dashed lines are tie-lines (i.e. com-
positions of two-phases) and dashed red lines are tie-lines at the outer edges of three-phase
regions. (C) Electrochemistry of select compositions in the single phase layered region, as
indicated in the quenched phase diagram. Reproduced from Ref. [33] with permission from
Springer Nature.
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the electrochemical consequences of the structural phase diagrams have not been elucidated
and no comprehensive structure-property relation exists for these critical materials.
To date, high-throughput electrochemistry of battery materials has been limited to thin

41743 rather than the characteriza-

films3°>° or to the optimization of electrode formulation
tion of active material compositions. In particular, a system designed by the Dahn group
was successful in testing gradients of thin film alloys for their use as anodes.?>?644 These
measurements used a 64-sample combinatorial cell in which the samples were sputtered onto
a printed circuit board (PCB) containing 64 nickel contact pads. As seen in Figure 1.10 A,
the cell was assembled with a thin electrolyte-soaked separator and a single piece of lithium
that would serve as a counter and reference electrode. This resulted in 64 cells connected in
parallel, such that cyclic voltammetry could be performed on all samples at the same time,
enabling the simultaneous monitoring of capacity, average voltage, irreversible capacity and
capacity fade across entire ternary systems (Fig. 1.10 B). The one key drawback of this
system is that it was designed for thin films only. Although the screening of thin film layered
oxides is important, it solely serves to develop thin film batteries, and does not scale-up
well to bulk powders used commercially in high energy applications such as EVs. This is
mainly due to: (i) the increase in surface area/volume ratio resulting in dramatically altered
long-term cycling, and (ii) the control of oxygen content in sample preparation of an array
of thin films is very challenging such that the structures do not match as obtained in bulk
powders. 43

This challenge emphasizes the current demand in research for a high-throughput electro-

chemical system capable of studying powder Li-ion cathodes. Not only would this open up
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Figure 1.10: High-throughput electrochemical testing of thin-film anodes (A) Schematic of
the high-throughput electrochemical cell. (B) Differential capacity vs. voltage plots of the
Si-Al-Mn ternary system cycled in the high-throughput cell. Part A reproduced from Ref.
[44] and Part B reproduced from Ref. [35] with permission from the Electrochemical Society.
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numerous avenues to rapidly screen potential battery materials, it would also enable the
development of meaningful structure-property relations that are needed for the rational de-
sign of next-generation battery materials. This thesis aims to fill that void by adapting and
optimizing a high-throughput electrochemical testing system for the investigation of high-
energy cathode materials. Chapter 2 focuses on the adaptation, optimization and evaluation
of the system, whereas Chapter 3 explores the evolution of the electrochemistry throughout
the Li-Mn-Ni-O pseudo-ternary system to thus determine the impact of structure on key

battery performance metrics.
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2.1 Established Experimental Methods

There is no established experimental method for high-throughput electrochemistry on cath-
ode powders. However, methodologies have been reported for the high-throughput synthe-
sis of cathode materials®® and the high-throughput electrochemistry of anodes.** Herein,
we review the established methodologies prior to developing a technique to perform high-

throughput electrochemistry on powder electrodes in Section 2.2.

2.1.1 Synthesis of Combinatorial Samples

The mg-scale combinatorial samples were prepared on alumina plates via a co-precipitation
reaction as described in the literature.?® A liquid-handling robot (Opentrons) was used to
dispense mixtures of 2M solutions of lithium nitrate (LiNO;) (Sigma-Aldrich), manganese
(IT) nitrate (Mn(NO;),) (Sigma-Aldrich), nickel (II) nitrate (Ni(NO;),) (Sigma-Aldrich),
and cobalt (II) nitrate (Co(NO,),) (Sigma-Aldrich), onto alumina plates. While the volume
ratios were varied depending on the target compound, the total volume remained 20 ul in
all cases. LINO; was used in 10% excess to account for Li loss upon heating in each of the
test materials used in this chapter: LiCoO, (LCO) and Li[Ni, 3Mn, ;5Co, 5]O, (NMC). 2M
NH,OH was added in excess to the mixed nitrates to precipitate the metals. The samples
were dried at 60 °C for 12 h followed by high temperature synthesis in an air-filled box

furnace for 3 hours at 800 °C. The rates of heating and cooling utilized were 5 °C/min.



2.1. Established Experimental Methods 30

2.1.2 Combinatorial Electrochemical Measurements

Cyclic voltammetry measurements were performed on a lab-built system, which utilized a
quad voltage source (model 213, Keithley) and a multimeter (model 2750 multimeter/switch
system, Keithley) to cycle the combinatorial cell.#* All test material cells were cycled from a
potential of 3.0 V to an upper threshold of 4.4 V vs. Li/Li", at a scan rate of 0.1 Vh™'. The
combinatorial cell facilitated the simultaneous investigation of 64 separate positive electrode
compositions through designating each positive electrode material a separate circuit and
placing it in parallel to the other 63 electrodes. Combining the combinatorial cell with

the instrumental set-up enabled high-throughput electrochemistry (Fig. 2.1). The set-up

A B

(ii)

- (i) _

(iii)

AAA

> (iv)

Figure 2.1: Equivalent circuit diagrams of the combinatorial cell while (A) no current mea-
surement is occurring and (B) while current measurement is occurring. The included com-
ponents are (i) quad voltage source, (ii) combinatorial cell, (iii) one of 64 channels on the
multimeter and (iv) a precision resistor.

operated by the voltage source applying a predetermined potential waveform to the cell,
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and the multimeter measuring the individual current responses for each of the 64 positive
electrodes in the combinatorial cell (i.e. 64 separate, sequential measurements). The current
was determined by measuring the voltage across a precision resistor as shown in Figure 2.1(B)
Before it was possible to test variable positive electrode material compositions, a control was
necessary to validate the accuracy and precision of the instrument. This control used an
array of 100 € resistors, which would provide an expected current response based on Ohm’s
Law. Validation of the three cycling channels required connecting the resistor array in lieu
of the combinatorial cell, such that each positive electrode was replaced by a 100 € resistor.
A linear potential scan was then applied to each of the three cycling channels. Figure 2.2
illustrates the response of each cycling channel. Each channel demonstrated less than 0.5 %

error, validating the instrumental set-up based upon its observance of Ohm’s Law.

2.2 Development of the High-Throughput

Electrochemical Cell

The high-throughput cell was adapted from a design by the Dahn group, wherein thin film
alloys were electrochemically tested as anodes.** The objective herein was to make the cell
suitable for the testing of mg-scale positive electrode materials operating as high as 5V
vs. Li/Lit. As a first attempt to evaluate the established high-throughput cell, only the
current collector was adapted (as nickel current collectors oxidize strongly at 3.45 V vs.
Li/Lit). Aluminum was deposited as the new current collectors and the cell was prepared

and cycled using the established methodologies in literature. LCO with 20% w/w carbon
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Figure 2.2: Empirical validation of three channels used for high-throughput electrochemical
testing. Each of the three channels’ performance was examined for observance of Ohm’s Law
by applying a linear potential scan to the 64 cells connected to 64 individual 100 €2 resistors
(A-C). The black squares represent the average current value obtained for all 64 cells in a
channel at a specific potential, and the red bars represent the range of currents observed for

the 64 cells at that specific potential. The blue trace corresponds to the linear fit.
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black (TIMCAL) was used as the test material. As seen in Figure 2.3 the CVs generally
have the right shape for LCO (shown in Fig. 1.6 A) but many cell errors were present

including: (i) irreversible oxidation, (ii) impedance causing a severe hysteresis of the redox
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Figure 2.3: Cyclic voltammograms of LCO from a first-generation combinatorial cell, prior
to complete optimization of the preparation and assembly processes.

peaks and (iii) significant variability between cells (40 % relative standard deviation (RSD)
in capacity). Concerted efforts were required to carefully adapt and optimize the cell for
cathode materials. The adapted cell required the extensive redesign of several elements
including the current collectors, the separator material and the manner in which the cell
was sealed. The final modified cell may be seen in Figure 2.4. The optimization of these

components will be discussed in detail in the following sections.
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Figure 2.4: (A) Design of the printed circuit boards (PCB) (top), and cross-sectional view
of the combinatorial cell (bottom). The combinatorial plate consists of 64 Al contact pads,
with Au leads connecting each contact pad to a corresponding electrical lead located on the
left and right sides of the PCB plate. (B) Cross-sectional view of the combinatorial cell.
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2.2.1 Optimization of the Current Collector

The first modification to the cell was to the current collectors used in the combinatorial
sample plate (custom PCB, OptimaTech) (as seen in Fig. 2.4 A). Upon initial validation of
the system, it was apparent that nickel, the original current collector demonstrated an oxi-
dation at 3.45 V vs. Li/Li* (Fig. 2.5 A). In order to test high voltage cathode materials, the
current collector needed to exhibit ideal polarizable behaviour between 3.0 V and 5.0 V vs.
Li/Lit. Asseen in Figure 2.5, various materials and methods of deposition were screened. In
particular, we tested: electroplated gold, physical vapor deposited (PVD) aluminum and alu-
minum foil adhered to the printed circuit board in various manners. Electroplated gold was
an appealing technique as it was efficient and inexpensive because it could be performed by
the manufacturer of the combinatorial sample plates. While its performance surpassed that
of nickel, significant irreversible oxidation occurred at 4.4 V vs. Li/Lit, making it unsuitable
(Fig. 2.5 B). Next, PVD was used to deposit 0.1 pm of aluminum onto the gold electroplated
contact pads. Upon cycling the combinatorial cell, the majority of the 64 cells showed no
parasitic response. However, approximately 25 % demonstrated irreversible oxidation at 4.4
V vs. Li/Li*, consistent with that from gold (Fig. 2.5 C). After disassembling the cell, the
appearance of small defects and scratches could be seen in the aluminum exposing gold on
the contact pads of the cells that had presented irreversible oxidation. Although depositing
a thick layer of aluminum that is resistant to scratching was feasible, it would have been
costly and the odds of a scratch forming during cell assembly would always be significant

given the large stack pressure applied to the powder samples. In an effort to protect the
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Figure 2.5: Various current collectors tested during optimization of the combinatorial cell.
(A) nickel plated contact pads, (B) gold plated contact pads, (C) 0.1 pm thick PVD alu-
minum, with micro-defects present on surface, (D) 0.1 pm thick PVD aluminum with con-
ductive carbon tape on top, and (E) 18 pm thick aluminum foil punch.
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deposited aluminum, conductive carbon tape was placed on top of each current collector.
The use of carbon tape introduced significant impedance causing a severe hysteresis of the
reduction and oxidation peak potentials (Fig. 2.5 D). The final material tested was 18 pm
thick aluminum foil (Fisher). Figure 2.5 E shows that the aluminum foil works well, though
it should be noted that the method used to adhere the aluminum to the plate is vital given
that it is this adhesion that prevents electrolyte from reaching the gold pad underneath.
The adhesion method required each aluminum punch to be isolated from one another and
that the adhesive was stable under conditions imposed within the battery. After many tests,
it was found that ring-shaped adhesive mylar hole protectors (Avery, shown schematically

in Fig. 2.6) were ideal and demonstrated stability all the way to 5.0 V vs. Li/Li", with

A
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{4
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B
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(| | ) ] |Au Al
“\\ \\ ,/’ “// l
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Figure 2.6: (A) Profile view and (B) top-down view of the substrate treatment methodology.
The methodology was based upon optimization of the current collector.

a maximum current reaching only 12 pA (Fig. 2.7 inset). This represents a small fraction
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Figure 2.7: Validation of the finalized substrate treatment methodology. Typical cyclic
voltammogram of LCO obtained in the combinatorial cell (black) overlaid with 10 represen-
tative cyclic voltammograms from a blank combinatorial cell (various colours). Inset: zoom

in of the CVs of the blanks generated from a combinatorial cell assembled without cathode
material (various colours).
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of the current produced by the active materials such that this cell can be confidently used
to screen positive electrode materials in a very large potential window. In fact, the small
current in the blanks is likely due to electrolyte oxidation rather than components of the cell

given that 5.0 V vs. Li/Li" is well outside the stability window of the electrolyte.

2.2.2 Optimization of the Separator

The combinatorial cell was initially tested using a thin polymeric separator, as previously
used by the Dahn group.** Upon cycling, the observed cell malfunctions could be largely
classified into two categories, (i) those with a severe hysteresis between reduction and oxi-

dation peaks (Fig. 2.8 A), and (ii) those with sharp, jagged oxidation peaks upon charging
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Figure 2.8: Common cell errors due to separator malfunction. (A) Significant hysteresis
imposed by insufficient stack pressure, and (B) micro shorts stemming from small punctures
in the separator.
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(Fig. 2.8 B). Furthermore, it was noted that samples with small masses corresponded to type
(i), while those with larger masses corresponded to type (ii). This observation indicated that
the errors were stemming from stack pressure. In particular, smaller samples presenting a
hysteresis of redox peaks was due to insufficient stack pressure while larger samples with
increased stack pressure were puncturing the separator causing micro-shorts. The separator
was unable to achieve consistent stack pressure over varying shaped powder samples, as the
system was initially designed for uniform, thin film anodes. A thicker more impressionable
separator (GF /D glass microfiber prefilters, Fisher Scientific) was substituted for the thinner
polymeric separator. This provided an increased tolerance for the deviation in sample sizes,
mitigating any effect caused by the non-uniformity of the samples (presenting CVs similar

to that seen in Fig. 2.7).

2.2.3 Improvement of the Cell Seal

The last significant alteration required to the combinatorial cell was implementing a new
seal. In the original design, the cell utilized a silicone O-ring, seated in a groove, which
afforded adequate sealing when used with thin film electrodes and thin separators.** Upon
preliminary testing here, it was evident that an O-ring was not suitable, as a proper seal
was not formed when the relatively thick powder electrodes and separator were placed on
the current collectors. This caused rapid electrolyte evaporation, (starting in the outer cells
but rapidly reaching the center of the cells after 3 or 4 cycles) with complete cell failure
typically occurring within 4 cycles (Fig. 2.9 A). The O-ring was no longer operating within

its tolerance and so could not form a seal. Figure 2.9 depicts the results of extended cycling
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Figure 2.9: Cell sealing strategies tested during the optimization of the combinatorial cell.
(A) Silicone O-ring, (B) silicone O-ring surrounded by 3M sealing tape, (C) 3M sealing tape,
(D) PolyOne thermoplastic elastomer custom O-ring.
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for the different cell sealing strategies that were tested. First, a thick polymeric double-
sided adhesive tape (3M tape) was used to provide an additional seal on the outside of
the O-ring. Despite a slight improvement with the additional seal, significant capacity fade
was still observed with each cycle (Fig. 2.9 B). At this point the O-ring groove in the cell
plate were removed entirely. A new sealing plate was machined in the absence of an O-
ring groove to enable a wider strip of 3M tape and as seen in Figure 2.9 C, the wider seal
demonstrated the capability of longer-term cycling without notable capacity fade. It should
be noted that Figure 2.9 depicts the worst cycling obtained for the 64 cells tested, which
always occurred at an outer cell position on the plate. In addition, the capacity retention was
consistent with that found in literature.%® While the 3M sealing tape provided an adequate
seal, it permanently sealed the cell, which prevented necessary post-mortem analysis without
compromising the integrity of the cell. A potential candidate was found as a replacement,
Versaflex™ CL40 (PolyOne), a thermoplastic elastomer with mechanical properties that
closely mimicked that of the 3M sealing tape. The Versaflex™ CL40 was molded into a
thick, flat, rectangular sealing membrane, and was used during cycling of the combinatorial
cell. The new cell further improved capacity retention on discharge (Fig. 2.9 D) and enabled

facile post-mortem cell analysis.

2.3 Development of Electrode Preparation

With the combinatorial cell successfully adapted for high voltage cathode materials, it was

important to reevaluate its performance to now optimize the process in which the electrodes
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were prepared and the cell assembled. The challenge was extremely high as 64 electrodes
must be prepared in close proximity to each other in a timely manner to justify the use
of high-throughput methods. The first approach was to weigh 64 loose cathode materials
into a custom well plate, in which the well spacing was consistent with the contact pads
on the combinatorial sample plate. The well plate was then aligned with the sample plate
and flipped such that the loose powders would fall onto their respective contact pads. Upon
cycling, the cell was found to have a RSD on charge capacity of approximately 22 %. While
this was an improvement from the 40 % RSD achieved prior to cell adaptation (Fig. 2.3), it
was significantly larger than the 5 % typically attained when performing triplicate measure-
ments in coin cells, as is common in battery research. This high RSD would greatly reduce
the usefulness of combinatorial screening. It was thought that the variability could be due to
inaccuracies of the weight of the active material as the CVs of LCO were consistent with lit-
erature and no apparent cell errors were present. Furthermore, any small deviation from the
true weight of the cathode material would significantly impact the specific capacity because
the samples only weigh approximately 2 mg. In an effort to improve the cell to cell vari-
ability, several other electrode preparation techniques were attempted (Table 2.1). Despite
the varying approaches, the RSD was consistently above 20 %, with only 5 % attributed to
the uncertainty on the mass. This indicated that something was likely occurring during the
cell assembly that was electrochemically unidentifiable. An initial concern for the combina-
torial cell, which utilizes 64 loose powder electrodes weighing 2 mg each in close proximity,
was cross-contamination. Loose powders can easily shift and the shifting of samples would

result in inaccurate weights of active material thereby contributing to an increased RSD. In
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Table 2.1: Troubleshooting sequence to improve the RSD of charge capacity in the combi-

natorial cell.

Method of Preparation

Description of Method

RSD (%)

Well Plate Transfer

Samples weighed into a well plate and then transferred

onto the combinatorial sample plate by aligning and

flipping.

22.1

Higher Accuracy Scale

Samples weighed on a higher sensitivity analytical
balance to increase accuracy and precision. Samples were
then transferred using the same methods as in the Well

Plate method of preparation.

19.8

Guide Plate Transfer

Samples weighed directly onto the contact pads of the
combinatorial plate using a guide plate (plate with 64
holes consistent with the sample plate) to prevent sample
loss. The guide plate was then lifted off leaving the

powders on their respective contact pads.

22.6

Improved Adhesion

Samples were prepared as in the Guide Plate method,
however before lifting off the guide plate, 20 uL of electrolyte
was added to each sample to improve adhesion and promote

complete transference of sample.

23.9

Dropcasted with Binder

Samples were weighed directly onto the contact pads of the
combinatorial plate and 10 yL of binder (PVDF in NMP)

was added to each to adhere it to its respective contact pad.

7.5

order to elucidate what was occurring during the assembly, a second test material, NMC,

was introduced. The rationale being that LCO and NMC each demonstrate starkly different

electrochemical profiles that are well characterized. LCO has a sharp oxidation peak at 3.98

V vs. Li/Lit, whereas NMC has a broad oxidation peak at 3.85 V vs. Li/Li*. The degree

of cross-contamination present could be readily identified through cycling the combinatorial
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cell with LCO and NMC placed adjacently. The presence of cross contamination would
result in an electrochemical response containing the summation of the two characteristic
oxidation peaks. Figure 2.10 shows a combinatorial cell cycled with the two test materials,

LCO and NMC, arranged in a checkerboard pattern. Cross contamination could be seen
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Figure 2.10: Cyclic voltammograms of LCO and NMC arranged in a checkerboard pattern in
the combinatorial cell demonstrating significant cross-contamination. Red boxes highlight

samples with significant contamination. The shaded regions indicate LCO compositions,
while the rest are NMC.

in approximately 17 % of the CVs. An example of a contaminated sample may be seen in
Figure 2.11 and clearly illustrates the summation of the two test materials’ electrochemical
signal to form the contaminated signal, as seen in the combinatorial cell. Considering the
convoluted signal was only present in a small percentage of the CVs, it further supported

the idea that loose powders were shifting during the cell assembly. In an effort to mitigate
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Figure 2.11: Cyclic voltammograms of an LCO sample contaminated with NMC (black),
along with pure LCO (red trace) and NMC (blue trace). The contamination resulted from
mixing of neighboring powders in the checkerboard.

shifting powder, binder (20 % w/w polyvinylidene fluoride (PVDF) (Kynar 1100, Kureha
America Inc.) dissolved in N-Methyl-2-Pyrrolidone (NMP)(Alfa Aesar)) was drop cast onto
each powder sample. Upon drying, the binder strongly adhered the loose powder to its
specific current collector, preventing powder from shifting during cell assembly. Figure 2.12
shows a combinatorial cell with the two test materials, LCO and NMC, dropcast with binder,
in a checkerboard pattern. No sign of cross contamination was observed for any of the 64

samples, despite being in close proximity to the opposite material.
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2.4 Final Preparation and Assembly of the

Combinatorial Cell

Through the successful adaptation and optimization of the combinatorial cell, a finalized
methodology was developed. First, alterations to the combinatorial plate were made by
covering the 64 gold contact pads with 8 mm diameter circular punches of aluminum foil.
The punches were secured to the combinatorial plate by using mylar hole reinforcements. The
ring-shaped reinforcement had an inner and outer diameter of 6 mm and 9 mm, respectively.
They were first adhered to the aluminum punch, and then the combinatorial plates. At this
point, the cathode materials of interest were weighed and then approximately 20 % w/w of
carbon black was added to each of the 64 samples. The carbon black was mixed thoroughly
into each of the cathode materials manually. Each cathode sample was transferred to a
contact pad and a solution of approximately 20 % w/w PVDF in NMP was added to each.
All required materials for the cell were dried overnight at 60 °C before introduction to an
argon-filled glovebox. In the glovebox, a small amount of electrolyte, LiPFy in 1:1 EC:DMC
(SoulBrain MI), was added to each sample to further secure each sample to their contact
pad. An 80 mm by 70 mm separator was placed onto the samples, and a 4.5 mL aliquot
of electrolyte was evenly dispersed onto the separator. A second separator was placed onto
the first, followed by another 4.5 mL aliquot of electrolyte. Rolled lithium foil (Alfa Aesar)
was placed on top of the separators, ensuring it did not exceed the size of the separators. A

thermoplastic elastomer sealing ring was then placed around the separators and lithium foil.
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The steel sealing plate and aluminum cell top were placed on top of the combinatorial plate,
respectively. The sealed cell was secured by tightening the four corner screws. Even stack
pressure was applied to the cell by tightening the eight tension screws in a star pattern.
The assembled cell was checked for signs of shorting prior to beginning electrochemical
measurements. This methodology represents the final iteration of cell design in this thesis,

and is used for all combinatorial cells moving forward.

2.5 Electrochemical Evaluation of the Final Combina-

torial Cell Performance

The CVs obtained in Figure 2.12 are in good qualitative agreement with data obtained from
bulk samples using coin cells in the literature.*"*® Additionally, we can evaluate the precision
and reproducibility in a quantitative manner. Table 2.2 shows battery properties extracted
from Figure 2.12 for each of the test materials (32 samples of each) along with those ob-
tained from literature under similar cycling conditions.** 32 The average specific capacities

Table 2.2: Summary of the electrochemical parameters for 32 samples of both LCO and
NMC obtained using the combinatorial cell, compared to results for bulk samples from the
literature. RSD is the relative standard deviation of the combinatorial capacities.

Material Discharge Capacity (mAhg?') RSD (%) Average Voltage (V)
Experimental Literature Experimental Literature
LCO 163.5 155-165 7.57 3.96 3.9
NMC 151.0 155-160 7.80 3.78 3.8
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were within 2.6 % of that obtained for bulk samples, while the average voltages were within
1.5 %. This demonstrates a remarkable level of accuracy in the combinatorial measurements.
Furthermore, the relative standard deviations for average voltage are negligible, while those
for specific capacities are both near 7.5 % showing good reproducibility amongst the 2 mg
samples. Given that the uncertainty on the weighing of such small samples is approximately
5 %, these low standard deviations are commendable and considered to be optimal. Figure
2.13 and Table 2.3 further demonstrate the CVs agreement with those reported in the liter-
ature.“7*® The slight hysteresis of redox peaks present in the combinatorial data (Fig. 2.13)
in comparison to literature is attributed to reduced conductivity in the electrodes given the
limited mixing with carbon black that our procedure allows.? Despite this, the deviation in
peak positions is typically limited to 20 mV compared to literature on charge and less than
5 mV on discharge.

Table 2.3: Comparison of the oxidation and reduction peaks for experimental and literature
LCO and NMC.

Material Oxidation (V) Reduction (V)
Experimental Literature Experimental Literature
LCO 4.04 (1) 4.01 4.14 (1) 4.14
4.11 (2) 4.09 4.01 (2) 4.04
4.22 (1) 4.19 3.81 (1) 3.86
NMC 3.87 (1) 3.89 3.69 (1) 3.69

As a final confirmation that the high-throughput methods used here are consistent with

what is seen in the literature for multiple cycles, Figure 2.14 shows the long-term cycling



51 2.5. Electrochemical Evaluation of the Final Combinatorial Cell Performance

1.0

0.5

0.0

o
o

-1.0

Normalized Current
o

o
)

0.0

Combi Sample
Literature

-1.0 - ' - ' '
3.0 3.5 4.0 4.5

Voltage (V vs. Li/Li+)
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of LCO and NMC and their corresponding trends in average voltage and capacity. Eight
cycles were performed in the combinatorial cell, corresponding to approximately one and a
half weeks’ time. The peak potentials obtained obtained for LCO and NMC are consistent

with literature for all eight cycles. 467852 In particular, it may be seen that the anodic peak
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Figure 2.14: Representative cyclic voltammograms of (A) LCO and (B) NMC extracted
from a combinatorial cell. Experimental values obtained from 32 samples of LCO and 32
samples of NMC (C) average voltage and (D) specific capacity. Red and blue represent
LCO and NMC, and the squares and circles represent each material’s charge and discharge,
respectively. Error bars represent standard error.

of the first cycle of NMC, centered around 3.92 V vs Li/Li", shifts to 3.85 V vs. Li/Lit

for the remainder of cycling. This is consistent with literature and may be attributed to
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the breaking in of the electrode, as a decrease in the hysteresis of the redox peaks indicates
improved reversibility of the electrode.®

The combinatorial cell’s demonstrated low RSD and agreement with bulk methods after
a series of modifications, allow us to confidently use this system to screen systematically
across compositions. Furthermore the agreement between the electrochemistry of LCO and
NMC in the mg-scale combinatorial cell and traditional cells with bulk materials validates

the scalability of the technique and relevance to industrial large scale applications.



Chapter 3

Electrochemical Mapping of the Li-Mn-Ni-O Pseudo-

Ternary System
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3.1 Ternary System Approach

Using the adapted combinatorial cell from Chapter 2, it is now possible to investigate compo-
sitions across complex phase spaces. The first system selected to explore was the Li-Mn-Ni-O
pseudo-ternary system as the complete structural phase diagrams under various synthetic
conditions were mapped in 2013.3' This would enable us to correlate the electrochemical
behavior across the system to the structural phase diagram for the first time, thereby devel-
oping meaningful structure-property relationships.

Three 8 by 8 plates were used to map the ternary system. As seen in Figure 3.1 A, 120
compositions were evenly distributed across the system and categorized into one of three
regions. Each region corresponded to one corner of the triangle (i.e. Li, Mn, or Ni) and
would contain 64 compositions such that it utilized a complete combinatorial cell. The three
regions also created a triplicate region within the system. The triplicate region (ACB, Fig.
3.1 B) contained 36 compositions and would serve as verification for reproducibility between
the three combinatorial cells.

While the synthetic, cell preparation and cell assembly methodologies remained consistent
with those introduced in Chapter 2, the electrochemical cycling protocol was modified to

enable activation of all materials in the Li-Mn-Ni-O system. The protocol followed was:
1. Charged to 4.4 V at 0.1 Vh'!
2. Discharged to 3.0 V at 0.1 Vh!

3. Charged to 4.6 V at 0.1 Vh™* and from there up to 4.8 V at 0.02 Vh!
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Figure 3.1: (A) All synthesized compositions and (B) the approach used to divide the Li-Mn-
Ni-O system into three regions: the Ni-corner (Ni-A-C-B), the Li-corner (Li-B-A-C), and the
Mn-corner (Mn-C-B-A). The overlapping portion of these three regions create a triangular
triplicate region (ACB).

4. Discharged to 3.0 V at 0.1 Vh!

Steps 1 and 2 serve to characterize the performance of the cathodes as traditional layered
oxides, which show activity below 4.4 V, while steps 3 and 4 serve to activate the Li-rich
layered oxides (i.e. the so-called high voltage plateau related to oxygen redox) which demon-
strates significant activation of oxygen and Mn above 4.5 V. This one cycling protocol can
therefore efficiently screen both the stoichiometric layered oxides (LiMO,) and the Li-rich

oxides (Li;xM;.xOs) present in the Li-Mn-Ni-O pseudo-ternary system.
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3.2 Electrochemistry of the Li-Mn-Ni-O Pseudo-Ternary

System

Performing cyclic voltammetry across the entire Li-Mn-Ni-O system enabled the tracking of
various electrochemical trends. As the electrochemistry evolved over each region, qualitative
trends were easily identified, even prior to extracting quantitative performance metrics (e.g.
capacity, average voltage, energy, etc.). In this section, the raw electrochemistry of each
region (Li-corner, Mn-corner, and Ni-corner) will be presented and the observed trends are

explored.

3.2.1 Li-Corner

The Li-corner includes compositions within the highlighted region of Figure 3.2 A. This
region contains the Li-rich oxides (Li;xM;.<O5), which are of significant interest for next-
generation cathode materials. Figure 3.2 B presents the raw cyclic voltammograms for each
cycle (upper voltage thresholds of 4.4 V and 4.8 V vs. Li/Li") and highlights the various
electrochemical trends observed. As it may be seen, the Li-corner of the triangle can be
divided into three distinct areas: regions with (i) no electrochemical activity (green), (ii)
electrochemical activity during both cycle one and two (purple) and (iii) electrochemical
activity primarily during cycle two (yellow). The large region of electrochemical inactivity
(green) can be correlated to materials with high Li content. Upon the heating of these ma-

terials during synthesis, lithium loss is experienced. In compositions excessively rich with
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Figure 3.2: (A) Li corner of the Li-Mn-Ni-O pseudo-ternary system and (B) raw cyclic
voltammograms for cycle one (red) and two (blue). The observed electrochemical trends are
highlighted in different colors to ease interpretation.
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Li, the lithium loss becomes so significant such that very little material is retrieved after
synthesis.3? Electrochemical activity is first detected during cycle one in compositions with
moderate Mn and Ni content (purple region). This is expected, as Mn and Ni typically con-

2154 The cyclic voltammograms

tribute to lattice stability and energy density, respectively.
in this area present rather broad peaks upon oxidation and reduction and are representative
of layered oxide structures. During cycle two, an increase in electrochemical activity may
be seen in compositions with moderate Mn and Ni content (purple region), likely due to the
reversible reduction and oxidation of oxygen and the reduction of Mn within the cathode
materials. The yellow region also demonstrates new electrochemical activity in cycle two.
These compositions correspond to those with high-voltage spinel phases present (i.e. com-
positions with Ni content). The oxidation and reduction peaks in this region are narrow
and and often present doublet peaks. This is representative of high-voltage spinel structured
materials, which have active Ni redox potentials at high potentials (e.g. LiNigsMn; 50y,
discussed in Fig. 1.5 D). It is important to note, that while there is an apparent decrease
in current in cycle two from 4.6 V to 4.8 V vs. Li/Li, , this is an artifact of the significant

decrease in the scan rate, as current and scan rate are proportional (this will be discussed

further in Sec. 3.2.5).

3.2.2 Mn-Corner

The Mn-corner includes the compositions that are highlighted in Figure 3.3 A. Figure 3.3 B
shows the CVs for cycle one and two (upper voltage thresholds of 4.4 V and 4.8 V vs. Li/Lit,

respectively). Several electrochemical trends may be seen in this combinatorial cell including
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Figure 3.3: (A) Mn-corner of the Li-Mn-Ni-O pseudo-ternary system and (B) raw cyclic
voltammograms for cycle one (red) and two (blue). The observed electrochemical trends are
highlighted in different colors to signify the common electrochemical features.
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compositions that demonstrate electrochemical activity during the first cycle (blue, pink and
purple regions), and those that demonstrate electrochemical activity only during the second
cycle (yellow). Consistent with the Li-corner, there appears to be a large region (purple)
of layered oxide materials activated during cycle one. In addition, a region of low voltage
spinel structured materials (blue) show activity during cycle one and is attributed to Mn
redox.!* These materials have high Mn and moderate Li content, and are activated at lower
voltages due to the absence of Ni in the material.!® Increased electrochemical activity was
observed in the layered oxide structures (purple) during cycle two, however no appreciable
increase in electrochemical activity could be identified for the low-voltage spinel materials
(blue). A region (yellow) of high-voltage spinel materials (compositions with moderate Li,
Ni, and Mn) were activated during cycle two, consistent with that seen in the Li-corner cell.
Interestingly, there were compositions that demonstrated redox peaks for both Mn and Ni in
the spinel structures or both the layered oxide and high-voltage spinel structures (pink). The
first cycle activated the Mn in the spinel and the layered oxide structure, while the second
cycle activated the Ni in spinel and the oxygen/Mn in the Li-rich layered structures. Further
analysis of their electrochemical properties will help to quantify the structural contribution

for each electrochemical process.

3.2.3 Ni-Corner

The compositions and corresponding CVs for cycle one and two (upper voltage thresholds of
4.4V and 4.8 V vs. Li/Li") for the Ni-rich region may be seen in Figure 3.4. Again consistent

with the Li and Mn corners, three main trends are identified in the Ni-rich compositions:
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Figure 3.4: (A) Ni corner of the Li-Mn-Ni-O pseudo-ternary system and (B) raw cyclic
voltammograms for cycle one (red) and two (blue). The observed electrochemical trends are
highlighted in different colors to aid in interpretation.
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those with (i) no electrochemical activity during either cycle (green), (ii) electrochemical ac-
tivity during cycle one and two (purple) and (iii) electrochemical activity only during cycle
two (yellow). In cycle one, very few compositions are electrochemically active. The large
region of inactivity is due to the nature of Ni-rich materials with low Li content forming
cubic rocksalt structures (green). These materials have minimal ordering within the lattice
which significantly hinders or completely blocks the diffusion of lithium.3? The evolution of
electrochemical activity may be seen as Li is added. The addition of Li to cathode materials
results in increased ordering within the lattice, and begins the structural transformation
from the electrochemically inert cubic rocksalt to the electrochemically active layered struc-
ture (also called ordered rocksalt). Only compositions in the vicinity of LiNiO, demonstrate
redox activity during cycle one (purple). In addition, the observed cyclic voltammogram
of LiNiO,, a highly studied cathode material, demonstrates excellent agreement with liter-
ature.®® During cycle two, the layered oxide materials again show increased electrochemical
activity. Additionally, another region of the cell becomes electrochemically active (yellow)
during cycle two. These compositions present high-voltage redox peaks (i.e. > 4.5 V vs.

Li/LiT), again consistent with that of high-voltage spinel materials.

3.2.4 Reproducibility in the Triplicate Region of the System

As discussed in the above sections, several reoccurring trends were seen in each region (Li-
corner, Ni-corner, Mn-corner) of the ternary system. This is in part due to many compo-
sitions (36 per plate of 64) appearing in triplicate (triangle ACB in 3.1 B). It is always

important to confirm agreement of the electrochemistry for the 36 compositions in this trip-
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licate region. Since many of these materials have not been electrochemically investigated,
consistency between the compositions in the triplicate region would serve to confirm the
reproducibility of the high-throughput methods developed in Chapter 2 (each region un-
derwent separate synthesis, electrode preparation, cell assembly and cycling). Figure 3.5
illustrates both the typical agreement of triplicate compositions and an example of a rare

outlier (C). The overall agreement for triplicates is excellent, as illustrated in Figure 3.5 A
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Figure 3.5: Identification of outliers within the triplicate region of the Li-Mn-Ni-O ternary
system. (A/B) Examples of reproducibility of compositions in the overlap region cycled
in three different cells. (C) Rare example of an outlier (black) in the triplicate overlap
region. Red, black, and blue each represent data from a different cell. (D) Example of an
instrumental error NMC outlier, likely caused by a micro-short (i.e. instrumental error).
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and B. In such cases, the values of the electrochemical parameters (i.e. capacity, average
voltage, etc.) extracted from the data are averaged across all three triplicates. Infrequently,
an outlier was observed in the triplicate measurement (e.g. Fig. 3.5 C). In all cases, the
outlier was easily identified compared to the other two replicates and was omitted from fur-
ther analysis. Of the 108 samples in the triplicate region, only 6 samples were omitted as
outliers. An example of an instrumental error is illustrated in Figure 3.5 D. In rare cases, an
experimental error could be seen during cycle one, in which jagged, noisy oxidation peaks are
indicative of a micro-short. Surprisingly, the error completely resolved itself and continued
cycling as normal for subsequent cycles. Despite this replicate having entire cycles with no
errors present, these compositions were also omitted from further data analysis (< 1 % of

the examined compositions) in case the first cycle negatively impacted later cycling.

3.2.5 Data Treatment Methodology

While galvanostatic (i.e. constant current) techniques are typically used in battery research,
the high-throughput system uses potentiostatic techniques (i.e. constant potential) due to
the cell placing all 64 batteries in parallel. Although the same electrochemical information
can be extracted from both techniques, it is useful to visualize the data both in I vs. V
graphs (typical for CV) and in V vs. Q (typical way to represent galvanostatic cycling).
This is particularly important given the complex cycling protocol described in Section 3.1.
The change in sweep rates distorts the shape of the cyclic voltammogram because of the
relationship of current and scan rate. In regions in which a slower scan rate is employed

to permit sufficient time for intercalation processes to occur, redox peaks will appear very
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small. This activity becomes evident when we express the data in a voltage capacity plot.
Figure 3.6 illustrates the obtained voltage capacity curves for the Li-corner of the ternary
system. For example, the highlighted curve in Figure 3.6 shows a clear high voltage plateau

whereas the CV in Figure 3.2 showed no peak at 4.6 V vs. Li/Li™ due to the slow scan rate
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Figure 3.6: Voltage-capacity curves for cycle one and two of the Li-B-A-C region (Fig.3.1(B))
of the Li-Mn-Ni-O pseudo-ternary system. Red represents charge while blue represents dis-
charge. The orange box highlights a composition that presents a large high-voltage plateau,
common for Li-rich oxides as illustrated in Chapter 1 (Fig. 1.8 A)

In addition to remaining consistent with field norms, important metrics for battery perfor-

mance (i.e. specific capacity and irreversible capacity) can be evaluated directly from the V

vs. Q plots.

The shear quantity of data demanded a methodology to extract and visualize the key battery
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metrics in such a way that trends could be easily identified across the entire ternary system.
The developed treatment methodology had three phases: (i) identification of outliers in raw
data, (ii) determination of various electrochemical performance metrics, and (iii) the visual
correlation of these metrics to composition (i.e. plotting metrics across the ternary system).
First, outliers were visually identified and omitted as discussed in Section 3.2.4 for each
combinatorial cell that was cycled.

For every sample, capacity and average voltage was calculated for each cycle. The extracted
data from each combinatorial cell was then compiled such that values for triplicate com-
positions could be averaged. At this point, each composition had only one value for each
performance metric and could be plotted in the ternary system. Figure 3.7 summarizes the
plotting process used to make the ternary contour maps. As seen in (A), the calculated elec-
trochemical performance metric can be plotted as individual data points. At this point, the
composition of materials synthesized below the Li-rich layered single-phase boundary (grey
line between LiNiO, and Li,MnO,) were corrected. During synthesis, significant lithium
loss occurs during heating, resulting in all compositions prepared below this line lying on the
boundary line after heating, as detailed in literature.?? All compositions synthesized in this
region were therefore translated to lie on the LiNiO,-Li,MnO, composition line. A contour
map was then prepared based on the raw data points (Fig. 3.7 B). Minimal smoothing was
applied to the plot prior to overlaying it with the structural phase diagram for the system

(Fig. 3.7 C).
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Figure 3.7: Data treatment methodology used to plot the energy density across the ternary
diagram. (A) Electrochemical performance metrics calculated and plotted as individual data
points, Li loss during synthesis was accounted for. (B) Contour map of performance metric
built from raw data points. (C) Minimal smoothing applied to contour map shown with the
structural phase diagram. Solid lines are boundaries to single-phase regions, while dashed
lines are tie-lines at the boundaries of triple-phase regions.
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3.3 Exploration of Various Performance Metrics in the

Li-Mn-Ni-O Pseudo-ternary System

Figure 3.8 shows both the energy density during discharge from 4.8 V - 3.0 V vs. Li/Li* and
the structural phase diagram reported for the same synthesis conditions.?! Key electrochem-
ical curves (both cyclic voltammograms and the corresponding voltage capacity plots) are
also shown in Figure 3.8 to visually demonstrate the progression of the battery performance
as compositions vary. In this figure, several structure-property trends between electrode
composition and electrochemical performance become evident. The regions of highest inter-
est are: (i) the single-phase spinel region (S), (ii) the single-phase layered region (L), and (iii)
the co-existence regions lying between the L and S materials. As some structure-property
relations cannot be seen in the energy plots alone, Figure 3.9 illustrates various other electro-

chemical performance metrics including specific capacity, average voltage, and voltage fade.

3.3.1 Single-Phase Spinel Region

Ni-containing spinel materials are of interest for cathodes as they typically have a higher av-
erage voltage than the layered structures. '® However, the commercialization of Ni-containing
spinel cathode materials is limited by electrolyte development, as their operating voltage is
outside the electrochemical stability window of current electrolytes. Figures 3.8 and 3.9 show

results for two main types of spinel structures: (i) low voltage Mn spinel on the Li-Mn edge
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Figure 3.8: Li-Mn-Ni-O structural phase diagram along with the specific energies obtained
during discharge from 4.8 V to 3.0 V vs. Li/Li*. Solid black lines are boundaries to single-
phase regions, dashed black lines are tie-lines at the boundaries of triple-phase regions, and
the dotted black line is the phase transition from rocksalt to the layered structure. S, L,
and R are spinel, layered, and rocksalt, respectively. The red boxed insets show voltage vs.
capacity curves with all x-axes being from 0 to 400 mAh/g and all y-axes having the range
3.0 - 5.0 V vs. Li/Li*. Similarly, all green boxed insets show cyclic voltammograms with
y-axes from -60 to 60 mA /g and x-axes in the range 3.0 to 5.0 V vs. Li/Lit.
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of the diagram, and (ii) high voltage spinel material which contain nickel. These can be
easily distinguished in Figure 3.9 (A-B), where the low voltage spinel demonstrate capacities
over 100 mAhg! up to 4.4 V vs. Li/Li", while the high voltage spinel only show significant
capacity when cycled to 4.8 V vs. Li/Lit. It is important to note that the CVs here do not
show the entire doublet typical of high voltage spinel, such that cycling to a higher poten-
tial would be required to thoroughly screen these materials. This explains why moderate
capacities of approximately 80-90 mAhg™! are seen in the high-voltage spinel compositions
in Figure 3.9 B.

Figure 3.8 illustrates that even with the limited capacity, the energy density of the high
voltage spinel is comparable to that obtained for the low voltage spinel. In addition, voltage
fade (3.9 D) holds little meaning for the high-voltage spinel given that the cycling window
selected does not completely activate the spinels (i.e. cycling to 5.0 V vs. Li/Li" is required
to complete the nickel oxidation)!6, such that progression of this partial redox process is
difficult to interpret. Despite this, the progression of electrochemistry in the spinel region is
consistent with the phase diagram.

Furthermore, in Figure 3.8, the highest energy spinel on the Li-Mn line lies within the 2-phase
region (Lig7Mng3). This can be attributed to the relatively low number of samples made
in this region, as this composition was closest to the phase boundary of those synthesized.

Should detailed progression of electrochemical properties in the spinel region be desired, a

more comprehensive study can now be performed.
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3.3.2 Single-Phase Layered Region

Despite layered oxide cathode materials being amongst the most promising candidates for
next-generation batteries, there is still little understanding of how the electrochemistry
evolves across this phase space. Upon considering the layered region in Figure 3.8, a rapid
increase in electrochemical activity can be seen as the compositions move into the ordered
rocksalt region from the cubic rocksalt region. While this increase in activity is understood
in the literature, what is not so thoroughly understood is the progression of properties within
the rest of the layered region. Studies in literature typically emphasize the materials lying on
a single line between LiNig 5Mng 50, and Li,MnO,,%® however, as seen in the phase diagram
single phase materials lie within a fairly large 2D region of the phase diagram (labeled L).
As such, developing important structure-property trends in this region is of high-importance
and is one of the primary goals of this study.

Several key trends can be observed in the layered (L) region of Figures 3.8 and 3.9. Figure
3.9 A and B illustrates the discharge capacities from 4.4 V and 4.8 V vs. Li/Li", respec-
tively. When discharging from 4.4 V vs. Li/Li" (Fig. 3.9 A), only moderate capacities of 110
mAhg! are observed. This activity is primarily seen in compositions with higher Ni content
(Fig. 3.8 H). Upon increasing the upper voltage limit to 4.8 V vs. Li/Li!, both composi-
tions with higher Ni and Mn content demonstrate capacities near 200 mAhg™. This increase
of capacity is signified by the presence of the high-voltage plateau at 4.6 V vs. Li/Li" in
compositions H-J (Fig. 3.8). This plateau is indicative of oxygen release and activation

within the cathode material and is characteristic of Li-rich compositions. Additionally, the
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Figure 3.9: Li-Mn-Ni-O ternary map of various electrochemical performance metrics on
discharge. (A) Specific capacity for cycling performed between 3.0 and 4.4 V vs. Li/Lit.
(B) Specific capacity and (C) average voltage for cycling performed between 3.0 V and 4.8
V vs. Li/Li*T. (D) Change in average discharge voltage, i.e. average voltage fade, between
cycles 3 and 4 (3.0 V - 4.6 V vs. Li/Li* range), with a positive value indicating a decrease

in average voltage in the later cycle.
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irreversible capacity seen in the Li-rich oxides varies dramatically with composition (Fig.
3.8 H-J). As irreversible capacity is an important performance metric related to the high-
voltage plateau, the capability to track the growth of this plateau enables the elucidation
of compositions in which oxygen release and activation becomes detrimental to cycling and
outweighs the benefits of increased energy. Figure 3.9 C and D map the average voltage
and voltage fade, respectively, across the ternary system. Interestingly, the average voltage
demonstrates very small variations with composition within the layered region. This suggests
that the variance of specific energy throughout the layered region is solely a consequence of
the specific capacity. It can also be noted that the observed voltage fade in the layered region
is more significant in compositions with increased Mn (Fig. 3.9 D). The systems ability to
correctly track voltage fade is supported by literature, as composition I (Fig. 3.8) presents
a voltage fade of 5 mV /cycle, comparable to that of 2.1 £ 1.7 mV /cycle reported for a sim-
ilar composition.®” Voltage fade and high irreversible capacity are the two key properties
currently limiting the commercialization of Li-rich oxides. As such, by enabling the rapid
evaluation and optimization of these properties, this methodology is extremely beneficial for
the screening of Li-rich oxide materials.

In terms of identifying the best cathode materials, Figure 3.8 shows that I, J, and H all
show high energy densities of about 700 mWhg™!, however H shows the lowest irreversible
capacity. These results clearly suggest that the further exploration of the region around
compositions H is warranted. It should be noted that under galvanostatic conditions the
high voltage plateau (plateau at 4.6 V vs. Li/Li™) can require up to 50 h to fully activate,>®

such that the 10 h used here may not fully activate the materials. It is therefore expected
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that a thorough study of this region under various cycling conditions will be essential to find

the optimum Li-rich oxide.

3.3.3 Co-existence Regions

Composite layered-spinel cathodes have been proposed as potential next-generation cath-
odes,?®? though there remains no clear understanding of how the the battery properties of
the composites compare to the weighted average of the two component phases. In particu-
lar; for a composite to outperform both end-member materials there must be a synergistic
effect resulting in a property not simply being a linear combination of the two end-members’
properties. This can be readily evaluated in Figures 3.8 and 3.9 for several key metrics. As
seen in Figures 3.9 (compositions D,J,K,L. and A-C in Fig. 3.8), both capacity and aver-
age voltage do progress monotonically along the tie-lines, implying no synergistic effect is
present. These trends also apply to materials in the 3-phase regions (D,L,K) , though one
must recognize that under the synthesis conditions used, much of the 3-phase regions in
fact contain 4-phases, as equilibrium states are not reached at intermediate cooling rates.3!
Although composites do not seem to invoke benefits in regard to energy density, further

studies could be performed to see whether there is benefit to long-term cycling.
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4.1 Conclusions

The desire to create higher performing battery materials has driven research into complex
phase spaces using pseudo-ternary and quaternary systems. Due to the complexity, our
understanding of these systems is limited. This is due to the fact that only a small number
of compositions have been synthesized and characterized electrochemically. Stemming from
this vacancy, there is a need for higher throughput in the electrochemical studies of Li-
ion batteries to rapidly identify optimum compositions. This thesis marks the first step in
enabling the efficient screening of high-voltage powder cathode materials to be used in future
generations of batteries.

An electrochemical combinatorial cell, used previously to investigate thin-film anode ma-
terials, was successfully adapted for use with high-energy powder cathode materials. This
required a re-design of a number of components in the 64-cell assembly, as well as the de-
velopment of a method to prepare 64 electrodes on a single sample plate. Evaluation of the
combinatorial cell’s performance presented excellent agreement of both the redox peak po-
tentials and the capacity of combinatorial samples with values from literature. The system
demonstrated a cell-to-cell reproducibility of < 7%. Considering the uncertainty on the mass
of the samples is 5 %, this fully optimized system is capable of screening battery materials
electrochemically with a high level of accuracy and precision. Furthermore, the simplicity of
the instrumentation and the cell enables facile implementation for other research labs that
desire to perform high-throughput screening methodologies.

The developed system was then applied to the entire Li-Mn-Ni-O pseudo-ternary system.
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Various electrochemical metrics for 120 compositions, distributed across the Li-Mn-Ni-O
system, were correlated with the structural phase diagram reported in 2013. With this frame
of reference, the evolution of key electrochemical properties could be seen across the complex
phase space, elucidating several structure-property relationships. This study marked the first
high-throughput electrochemical screening of powder cathode materials. While this model
system demonstrated the immense potential of the methodology, it exceeded expectations
providing quantitative values for key electrochemical properties including energy density,
irreversible capacity, discharge capacity and voltage fade. As this system is of extreme
interest for next-generation Li-ion cathodes, the results obtained herein are of immediate
interest to both industry and academia.

The significance of the research performed in this thesis transcends beyond merely the ad-
vances made in rapidly screening high-voltage cathode materials, but provides a foothold for
developing meaningful structure-property relations that are essential to the rational design

of advanced battery materials.

4.2 Future Work

With the entire Li-Mn-Ni-O pseudo-ternary system mapped electrochemically, the next step
involves the complete electrochemical mapping of the Li-Ni-Mn-Co-O pseudo-quaternary
system. This system is of high-interest as many current commercialized Li-ion cathode
materials, including LiCoO,, Li[Ni; 3Li; ;3Co1/3]O, and LiMn,0,, all lie within this system.

Figure 4.1 A illustrates the approach previously used to map this pseudo-quaternary phase
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Figure 4.1: The Li-Mn-Ni-Co-O pseudo-quaternary system. (A) Strategy employed to ex-
pand the Li-Mn-Ni-O system and (B) the complete structural Li-Mn-Ni-Co-O quaternary
system. Reproduced from Ref. [32] with permission from the American Chemical Society.
the Li-Ni-Mn-Co-O ternary system in which the content of Co is fixed throughout. This
same methodology can be used to electrochemically map this system, thereby correlating
key electrochemical metrics with the structural phase diagram (as seen in Figure 4.1 B ),
further elucidating important structure-performance relationships.

In addition to Li-ion systems, this methodology can also be applied to batteries beyond
Li-ion. Significant research efforts are being directed towards sodium ion (Na-ion) batteries
as a potential replacement for Li-ion as Na is cheaper and more abundant than Li.5%-6!
However, this research is slow moving as only select compositions have been considered,
limiting the structure-performance relations that can be identified and used for their further

optimization and design. Combinatorial methodologies could greatly expedite this area of

research. Recently, a combinatorial methodology was developed for the synthesis of Na-
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ion cathode materials and was used to rapidly synthesize a specific Na-system but could
be extended to any Na-system of interest. In concert with sequential advances in high-
throughput synthesis, structural characterization and electrochemical characterization of
entire systems of Na-ion cathodes could be screened in just weeks. The proof of concept for
the high-throughput electrochemistry applied to Na systems is demonstrated in Figure 4.2, in

which a combinatorial cell was successfully cycled with P2-Nag gsFeqsMng505. This result
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Figure 4.2: Cyclic voltammograms of mg-scale samples of P2-Nag gsFeq.sMng 505 cycled in
the combinatorial cell.

confirms the capability of the combinatorial cell developed in this thesis to be employed
on systems other than Li-ion. Consequently, the complete structural and electrochemical
mapping of Na-Fe-Mn-O pseudo-ternary cathode system is currently underway.

It should also be noted that while the high-throughput system is optimized for cycling
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cathode materials, it is possible for it be tailored to other electrochemical techniques. For
example, electrochemical impedance spectroscopy (EIS), a commonly used technique in bat-
tery characterization, could be performed on the materials in the combinatorial cell. In
particular, EIS could be used at various stages of cycling (i.e. pre-cycling, after 5 cycles,
after 10 cycles, etc.) to track the increase of charge-transfer resistance. This would provide
important insight into how the structure of the cathode influences the change in impedance
during cycling. Another electrochemical technique that could be employed is the monitoring
of voltage fade during storage experiments. This technique involves charging a battery to an
upper threshold voltage, disconnecting the battery from the external power source, and then
monitoring the voltage over a period of time. As the voltage fade of a charged battery is
related to the instability of materials and parasitic reactions that are detrimental to battery
life, it would be possible to identify which structures and compositions are most prone to
experiencing this. Considering these experiments could take place over a period of weeks,
it would be critical to re-evaluate and further improve the cell seal to enable an isolated
environment on these time scales.

It is important to recognize the opportunity that high-throughput studies permit in being
able to generate large sets of data rapidly for the development of machine-learning techniques.
The capability of machine learning to advance energy research was recently demonstrated in
a study where machine-learning algorithms parsed through complex synthesis conditions to
determine the optimum conditions for maximizing solar cell efficiency.®? As such, the com-
bination of high-throughput electrochemistry and machine-learning techniques could prove

very powerful in the search for next-generation battery materials.
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under this Service.

8.4 No amendment or waiver of any terms is binding unless set forth in writing and signed
by the parties. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by the User or its principals, employees, agents or affiliates and purporting
to govern or otherwise relate to the licensing transaction described in the Order
Confirmation, which terms are in any way inconsistent with any terms set forth in the Order
Confirmation and/or in these terms and conditions or CCC's standard operating procedures,
whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a
separate instrument.

8.5 The licensing transaction described in the Order Confirmation document shall be
governed by and construed under the law of the State of New York, USA, without regard to
the principles thereof of conflicts of law. Any case, controversy, suit, action, or proceeding
arising out of, in connection with, or related to such licensing transaction shall be brought, at
CCC's sole discretion, in any federal or state court located in the County of New York, State
of New York, USA, or in any federal or state court whose geographical jurisdiction covers
the location of the Rightsholder set forth in the Order Confirmation. The parties expressly
submit to the personal jurisdiction and venue of each such federal or state court.If you have
any comments or questions about the Service or Copyright Clearance Center, please contact
us at 978-750-8400 or send an e-mail to info@copyright.com.

v1.1

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.

https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=93b18c51-6ba4-45bd-8d26-5ce3a6f7db50
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RightsLink Printable License

JOHN WILEY AND SONS LICENSE

TERMS AND CONDITIONS

Nov 01, 2019

This Agreement between Otto Maass Building, Rm 21 ("You") and John Wiley and Sons
("John Wiley and Sons") consists of your license details and the terms and conditions
provided by John Wiley and Sons and Copyright Clearance Center.

License Number

License date

Licensed Content Publisher

Licensed Content Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date

Licensed Content Pages

Type of use

Requestor type

Format

Portion

Number of figures/tables

Original Wiley figure/table
number(s)

Will you be translating?

Title of your thesis /
dissertation

Expected completion date

4685970678980

Oct 11, 2019

John Wiley and Sons

Wiley Books

Electrochemical Methods: Fundamentals and Applications,
2nd Edition

Allen J. Bard Larry R. Faulkner

Dec 1, 2001

Dissertation/Thesis

University/Academic

Electronic

Figure/table

Figure 8.1.2 Figure 6.1.3

No

High-Throughput Electrochemistry of High Voltage Li-Ion
Cathode Materials

Nov 2019

https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=08a26d0d-3e20-42fa-955e-6268a6bdae61
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Expected size (number of

100
pages)

Otto Maass Building, Rm 21
Otto Maass Building, Rm 21

Requestor Location
Montreal, QC H3A0B8
Canada
Attn: Otto Maass Building, Rm 21

Publisher Tax ID EU826007151

Total 0.00 USD

Terms and Conditions

TERMS AND CONDITIONS

This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work
(collectively "WILEY"). By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).

Terms and Conditions

¢ The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright.

¢ You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license.
The first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.

o With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,

https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=08a26d0d-3e20-42fa-955e-6268a6bdae61
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You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.

e The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto

e NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

e WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

¢ You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

e INNO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

¢ Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

e The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.

¢ This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.
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¢ Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

e These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.

¢ In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.

¢ WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

o This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

¢ This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,

distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895 .html
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Center

Royal Society of Chemistry - License Terms and Conditions

Order Date
Order license ID
ISSN

Type of Use
Publisher
Portion

LICENSED CONTENT

Publication Title

Author/Editor

Date

Language

REQUEST DETAILS

Portion Type

Number of charts / graphs /
tables / figures requested

Format (select all that apply)
Who will republish the content?
Duration of Use

Lifetime Unit Quantity

Rights Requested

NEW WORK DETAILS

Title

Instructor name

ADDITIONAL DETAILS

Order reference number

Journal of materials chemistry. A,
Materials for energy and
sustainability

Royal Society of Chemistry (Great
Britain)

01/01/2012
English

Chart/graph/table/figure
1

Print, Electronic
Academic institution
Life of current edition
Up to 499

Main product

High-Throughput
Electrochemistry of High Voltage
Li-lon Cathode Materials

Karlie Potts

N/A

REUSE CONTENT DETAILS

Title, description or numeric
reference of the portion(s)

Editor of portion(s)
Volume of serial or monograph

Page or page range of portion

Key-performance parameters
road map on the cell level for
fully electrified vehicles from
today to 2025. Today's data
based on BMW i3.

N/A
3
6709-6732

CCC Republication Terms and Conditions

1

22-0ct-2019

1000182-1

2050-7488

Republish in a thesis/dissertation
Royal Society of Chemistry
Chart/graph/table/figure

Country

Rightsholder
Publication Type

Distribution

Translation

Copies for the disabled?
Minor editing privileges?
Incidental promotional use?

Currency

Institution name

Expected presentation date

The requesting person /
organization to appear on the
license

Title of the article/chapter the
portion is from

Author of portion(s)
Issue, if republishing an article

from a serial

Publication date of portion

United Kingdom of Great Britain
and Northern Ireland

Royal Society of Chemistry

Journal

Canada

Original language of publication
No

No

No

CAD

McGill University
2019-11-15

Karlie Potts

Future generations of cathode
materials: an automotive
industry perspective

Royal Society of Chemistry (Great
Britain)

N/A

2015-02-09

' Description of Service; Defined Terms. This Republication License enables the User to obtain licenses for republication of one or more
copyrighted works as described in detail on the relevant Order Confirmation (the "Work(s)"). Copyright Clearance Center, Inc. ("CCC") grants

https://marketplace.copyright.com/rs-ui-web/mpl/license/27848a98-5384-4cf4-802c-786c725e9f4b/974c75a2-9881-4d3e-ae93-25581e244e89
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licenses through the Service on behalf of the rightsholder identified on the Order Confirmation (the "Rightsholder"). "Republication", as used
herein, generally means the inclusion of a Work, in whole or in part, in a new work or works, also as described on the Order Confirmation.
"User", as used herein, means the person or entity making such republication.

2. The terms set forth in the relevant Order Confirmation, and any terms set by the Rightsholder with respect to a particular Work, govern the
terms of use of Works in connection with the Service. By using the Service, the person transacting for a republication license on behalf of the
User represents and warrants that he/she/it (a) has been duly authorized by the User to accept, and hereby does accept, all such terms and
conditions on behalf of User, and (b) shall inform User of all such terms and conditions. In the event such person is a "freelancer" or other
third party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and conditions. In any
event, User shall be deemed to have accepted and agreed to all such terms and conditions if User republishes the Work in any fashion.

3. Scope of License; Limitations and Obligations.

3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the Rightsholder. The license
created by the exchange of an Order Confirmation (and/or any invoice) and payment by User of the full amount set forth on that
document includes only those rights expressly set forth in the Order Confirmation and in these terms and conditions, and conveys
no other rights in the Work(s) to User. All rights not expressly granted are hereby reserved.

3.2. General Payment Terms: You may pay by credit card or through an account with us payable at the end of the month. If you and we
agree that you may establish a standing account with CCC, then the following terms apply: Remit Payment to: Copyright Clearance
Center, 29118 Network Place, Chicago, IL 60673-1291. Payments Due: Invoices are payable upon their delivery to you (or upon our
notice to you that they are available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise specifically set forth in the Order
Confirmation or in a separate written agreement signed by CCC, invoices are due and payable on "net 30" terms. While User may
exercise the rights licensed immediately upon issuance of the Order Confirmation, the license is automatically revoked and is null
and void, as if it had never been issued, if complete payment for the license is not received on a timely basis either from User
directly or through a payment agent, such as a credit card company.

3.3. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is "one-time" (including the editions and product
family specified in the license), (ii) is non-exclusive and non-transferable and (iii) is subject to any and all limitations and restrictions
(such as, but not limited to, limitations on duration of use or circulation) included in the Order Confirmation or invoice and/or in
these terms and conditions. Upon completion of the licensed use, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by deleting or by removing or
severing links or other locators) any further copies of the Work (except for copies printed on paper in accordance with this license
and still in User's stock at the end of such period).

3.4. In the event that the material for which a republication license is sought includes third party materials (such as photographs,
illustrations, graphs, inserts and similar materials) which are identified in such material as having been used by permission, User is
responsible for identifying, and seeking separate licenses (under this Service or otherwise) for, any of such third party materials;
without a separate license, such third party materials may not be used.

3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the Service. Unless otherwise
provided in the Order Confirmation, a proper copyright notice will read substantially as follows: "Republished with permission of
[Rightsholder's name], from [Work's title, author, volume, edition number and year of copyright]; permission conveyed through
Copyright Clearance Center, Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a separate electronic link) or in
the place where substantially all other credits or notices for the new work containing the republished Work are located. Failure to
include the required notice results in loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for
each such failure equal to twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees
and charges specified.

3.6. User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. No Work may be used in any
way that is defamatory, violates the rights of third parties (including such third parties' rights of copyright, privacy, publicity, or other
tangible or intangible property), or is otherwise illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with
any other material that may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the Rightsholder in connection
therewith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees and directors, against
all claims, liability, damages, costs and expenses, including legal fees and expenses, arising out of any use of a Work beyond the scope of the
rights granted herein, or any use of a Work which has been altered in any unauthorized way by User, including claims of defamation or
infringement of rights of copyright, publicity, privacy or other tangible or intangible property.

Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT,
CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFITS OR
INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the total liability of the Rightsholder and CCC (including their respective
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employees and directors) shall not exceed the total amount actually paid by User for this license. User assumes full liability for the actions
and omissions of its principals, employees, agents, affiliates, successors and assigns.
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. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN
THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER WARRANTIES RELATING TO THE WORK(S) AND
RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A
PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR
OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND
AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of the license set forth in
the Order Confirmation and/or these terms and conditions, shall be a material breach of the license created by the Order Confirmation and
these terms and conditions. Any breach not cured within 30 days of written notice thereof shall result in immediate termination of such
license without further notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be
liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is not terminated
immediately for any reason (including, for example, because materials containing the Work cannot reasonably be recalled) will be subject to
all remedies available at law or in equity, but in no event to a payment of less than three times the Rightsholder's ordinary license price for
the most closely analogous licensable use plus Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

8. Miscellaneous.

v 1.1

8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these terms and conditions, and
CCCreserves the right to send notice to the User by electronic mail or otherwise for the purposes of notifying User of such changes
or additions; provided that any such changes or additions shall not apply to permissions already secured and paid for.

8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy, available online here:
https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy

8.3. The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may not assign or transfer to any
other person (whether a natural person or an organization of any kind) the license created by the Order Confirmation and these
terms and conditions or any rights granted hereunder; provided, however, that User may assign such license in its entirety on
written notice to CCC in the event of a transfer of all or substantially all of User's rights in the new material which includes the
Work(s) licensed under this Service.

8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The Rightsholder and CCC
hereby object to any terms contained in any writing prepared by the User or its principals, employees, agents or affiliates and
purporting to govern or otherwise relate to the licensing transaction described in the Order Confirmation, which terms are in any
way inconsistent with any terms set forth in the Order Confirmation and/or in these terms and conditions or CCC's standard
operating procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and
whether such writing appears on a copy of the Order Confirmation or in a separate instrument.

8.5. The licensing transaction described in the Order Confirmation document shall be governed by and construed under the law of the
State of New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or proceeding
arising out of, in connection with, or related to such licensing transaction shall be brought, at CCC's sole discretion, in any federal or
state court located in the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The parties expressly submit to the personal
jurisdiction and venue of each such federal or state court.If you have any comments or questions about the Service or Copyright
Clearance Center, please contact us at 978-750-8400 or send an e-mail to info@copyright.com.
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Multiwalled Carbon Nanotubes Anode in Lithium-lon Battery
with LiCoO2, Li[Ni1/3Co1/3Mn1/3]02, and
LiFe1/4Mn1/2Co1/4P0O4 Cathodes

. . Author: Daniele Di Lecce, Paolo Andreotti, Mattia Boni, et al
ACSPublications

X wost Tusted mestCited. most kead.  Publication: ACS Sustainable Chemistry & Engineering
Publisher: American Chemical Society
Date: Mar 1, 2018

Copyright © 2018, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to you because no fee is being
charged for your order. Please note the following:

- Permission is granted for your request in both print and electronic formats, and translations.

- If figures and/or tables were requested, they may be adapted or used in part.

- Please print this page for your records and send a copy of it to your publisher/graduate school.

- Appropriate credit for the requested material should be given as follows: "Reprinted (adapted) with permission
from (COMPLETE REFERENCE CITATION). Copyright (YEAR) American Chemical Society." Insert appropriate
information in place of the capitalized words.

- One-time permission is granted only for the use specified in your request. No additional uses are granted (such as
derivative works or other editions). For any other uses, please submit a new request.

If credit is given to another source for the material you requested, permission must be obtained from that source.

BACK CLOSE WINDOW

© 2019 Copyright - All Rights Reserved |  Copyright Clearance Center, Inc. | Privacy statement | Terms and Conditions
Comments? We would like to hear from you. E-mail us at customercare@copyright.com
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Understanding and Controlling Anionic Electrochemical Activity
in High-Capacity Oxides for Next Generation Li-lon Batteries

Author: Bao Qiu, Minghao Zhang, Yonggao Xia, et al
ACSPublications  publication: Chemistry of Materials

v Most Trusted. Most Cited, Most Read
Publisher: American Chemical Society

Date: Feb 1, 2017

Copyright © 2017, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to you because no fee is being
charged for your order. Please note the following:

- Permission is granted for your request in both print and electronic formats, and translations.

- If figures and/or tables were requested, they may be adapted or used in part.

- Please print this page for your records and send a copy of it to your publisher/graduate school.
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