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Abstract

Li-ion batteries (LIBs) with high energy density are dependent on the powder properties of
the active cathode materials. These intrinsic and extrinsic powder properties are influenced
by the synthesis conditions. Production of the newly commercialized LiNi;;3Coy/3Mn; 30,
(NMC111) cathode material should be simple and cheap, but usually requires strict control
of conditions, such as atmospheres and precursors.

In cooperation with Glencore Nikkelverk, nickel- and cobalt chloride solutions (NiCl,
and CoCl,) was tested as precursors for the synthesis of electrochemical active NMC111
powders. Untraditional powder synthesis routes in air-atmosphere based on a hydroxide
co-precipitation method and a hydrothermal method was introduced. These were com-
pared to powders synthesized from traditional co-precipitation route in inert nitrogen (N3)
atmospheres. The effect of chloride (Cl) precursors were also investigated. The crystal
structure and crystal size of prepared active powders were characterized by X-ray diffrac-
tion (XRD) and analyzed through Rietveld refinements. Morphology and particle size
were estimated using Scanning Electron Microscopy (SEM). Calculations of the surface
area of particles were done by Ns-adsorption measurements and Brunauer-Emmett-Teller
(BET) theory. The electrochemical characterization of the synthesized cathode powders
was carried out on coin cells using Li-metal anodes. The resistance of the cells was ana-
lyzed with an Electrochemical Impedance Spectroscopy (EIS). The cycling stability was
compared to currently outperforming NMC111 based cathodes and commercial demands,
followed by suggestions for further optimization.

Differences in powder characteristics resulted in different electrochemical activities. The
presence of CI anions (CI™ in solutions during co-precipitation of the hydroxide phase
had a clear impact on size, morphology and surface area. All powders synthesized in
inert atmospheres obtained phase pure layered NMC111. These showed the best overall
electrochemical performance, particularly in terms of initial discharge capacity and av-
erage coulombic efficiency over 80 cycles (~99.3 %). Inert-synthesized powders using
Ag-precursors obtained a cation mixing and an average particles size (APS) of 7.8 % and
200 nm, respectively; this was higher and lower relative those using Cl-precursors (2.4 %
and 400 nm, respectively). The latter displayed the highest initial discharge capacity (143
mAh/g at 0.2C) and capacity retention after 80 cycles (76 %). This should be ascribed to
its relatively low cation mixing, particle dimensions, and morphology which allowed ef-
ficient Li diffusion and stable structures during cycling. Further, all batteries showed low
electrochemical performances compared earlier reported NMC111 materials.

The air-sensitivity during co-precipitation reaction was found to be significant. No pure
phased NMC111 powders were obtained in presence air due to manganese (Mn) oxida-
tion. Secondary phases had a large impact on cycling performance as all air-synthesized
powders showed extremely low initial discharge capacities. The air-synthesis that included
a hydrothermal step showed less secondary phases compared to powders made in ambi-
ent pressures. It was concluded that a limited supply of oxygen suppressed the oxidation
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of Mn. Moreover, the Li did not completely react with the hydroxide precipitate under
high pressure conditions at 120 °C, resulting in a spinel phase (58.8 %). The Li reaction
however fully occurred in traditional high temperature calcination step at 480 °C. A 5 h
heat-treatment at 850 °C formed areas of small particles constructed into large aggregates.
Such morphology gave low surface areas and less electrolyte-contact, seen as extremely
large variations in the coulombic efficiencies for each cycle. The highest phase purity of
NMCI111 obtained from air-synthesis combined 1) the use of Cl precursors to obtain a
preferred particle size, 2) a hydrothermal step to decrease the oxygen concentration and
Mn-oxidation, 3) a Li reaction in ambient pressures during calcination ensuring a com-
plete reaction, with 4) a 15 h heat-treatment. Out of the air-synthesized active materials,
this powder gave the best overall cycling performance with an initial discharge capacity
of 80 mAh/g at 0.2C and capacity retention of 87 % after 80 cycles. This is however far
below the expected capacities for NMC111 cathode material.

The findings and further suggestions will hopefully contribute to bringing powder synthe-
sis using Cl precursors to the marked, enabling cheap and efficient synthesis’ of batteries
with high energy density, low cost, and increased safety; which is essential for a futuristic
society dependent on renewable energy sources.
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Sammendrag

A kunne oppna Li-ion batterier (LIBer) med hgy energy tetthet, avhenger blandt annet
pulveregenskapene til det aktive katodematerialet. Disse ekstrinsike og intrinsike egen-
skapene blir dannet under syntesen. For & oppna optimale pulveregenskaper krever slik
produksjon ofte streng kontroll av forholdene. To slike parametere er atmosfaere og valg
av forlgpere.

I samarbeid med Glencore Nikkelverk, ble nikkelklorid og kobaltklorid lgsninger testet
som forlgpere i produksjon av NMC111 katoder. En utradisjonell syntesemetode i luft
ble introdusert. Denne var basert pa en utfellingsmethode og en hydrotermisk metode.
Effekten av klorid (Cl) og luft under utfellingssteget ble undersgkt ved & sammenlikne re-
sultatene med en tradisjonell utfellingsmetode, som tok i bruk vandige forlgperlgsninger
og en inert atmosfeere. Krystallstruktur og krystallstgrrelse ble undersgkt ved hjelp av
rgntgendiffraksjon (XRD), og videre analysert ved hjelp av Rietveld raffinering. Mor-
fologi og partikkelstgrrelse ble undersgkt ved hjelp av sveipelektronmikroskopi (SEM).
Overflatearealet ble beregnet ved hjelp av nitrogen adsorpsjon og Brunauer-Emmett-Teller
(BET) teori. Katodenes elekrokjemiske egenskaper var testet ved a lade og utlade halv-
celler galvanostatisk. Motstanden i halv-cellene ble malt ved & bruke elektrokjemisk
impedans spektroskopi (EIS). Syklingsstabiliteten ble sammenliknet med kommersielle
NMCI111 katoder, og metoder for optimalisering ble introdusert.

Ulike pulveregenskaper resulterte i varierende elektrokjemiske aktiviteter. Partikkelstgrrelse,
morfologi og overflatearealet ble tydelig pavirket av Cl anioner i lgsningen under utfellin-
gen. Alle pulverne som ble syntetisert i inert atmosfeere viste en fase-ren NMC111. Disse
viste ogsé hgyes initial utladningskapasitet, og hgyest gjennomsnittlig colombisk effek-
tivitet over 80 sykler (99.3 %). Inert-syntetiserte pulver som brukte standard vandige
Igsninger, ga en hgyere kation miksing og en mindre gjennomsnittlig partikkelstgrrelse
(7.8 % og 200 nm) relativt til pulver laget med Cl-forlgpere (2.4 % og 400 nm). Den sist-
nevnte viste hgyest initial utladningskapasitet (143 mAh/g ved 0.2C) og bedre bevaring av
kapasiteten etter 80 sykler (76 %). Dette er grunnet pulverets relativt lave kation miks-
ing, partikkel dimensjoner og morfologiske egenskaper. Dette promoterer Li diffusjon og
stabile strukturer under den elektrokjemiske syklingen. Allikevel hadde alle celler lave
elektrokjemiske egenskaper sammenliknet med tidligere rapporterte NMC111 katoder.

Alle prgvene som ble syntetisert i luft var sensitive for Mn oksidasjon, og ingen av dem
oppnadde en faseren NMC111. Sekunderfaser hadde en stor innvirkning pa syklingen,
da alle disse viste seg & oppna lav initial kapasitet. Ett hydrotermisk steg ble inkludert i
en av syntesene, og reduserte mengder sekundzerfaser. Dette begrenset tilgangen pa oksy-
gen og undertrykte oksidasjonen av Mn. Videre ble det konkludert at Li ikke reagerte
fullstendig med det utfelte hydroksidet under hgyt trykk, ved 120 °C. En kort varme-
behandling (5 timer) ved 850 °C frte til sma partikler. Disse agglomererte og dannet
mindre overflateareal og mindre kontakt med elektrolytten. Dette resulterte i store vari-
asjoner i den coulombiske effektiviteten mellom syklene. De optimaliserte parameterne

iv



for syntese i luft kombinerte 1) Cl-forlgpere, 2) ett hydrotermisk steg, 3) Li reaksjon i
kalsineringssteget, og 4) en 15 timers varmebehandling. Dette resulterte i de beste egen-
skapene i henhold til faserenhet og elektrokjemisk sykling. Med en utladningskapasitet pa
80 mAg/h ved 0.2C, hvor 87 % var bevart etter 80 sykler, viste den allikevel svzert lavte
verdier i forhold ett kommersielt NMC111 katode materiale.

Funnene og de videre anbefalingene vil forhapentligvis bidra til gkt bruk av Cl-forlgpere,
og muliggjgre mer miljgvennlige og mer effektive syntesemetoder av batterier med hgy
energi tetthet, lav kostnad og hgy sikkerhet. Dette er avgjorende for ett velfungerende
samfunn basert pa fornybare energikilder.
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Chapter 1

Background

1.1 Motivation

Today, the dominant source of global energy production are fossil fuels, with crude oil,
coal and natural gas being the most common. These natural resources are gradually being
depleted as the demand for energy increases and equates to a large emission of by-products
with CO4 being the bulk. COs contributes to the excessively high values of greenhouse
gasses in the atmosphere. With environmental pollution follows ecological destruction,
which has increasingly aggravated in recent years. Finding new unlimited energy sources
based on clean, efficient and renewable technology has become an urgent matter. The need
for a technological green shift is upon us. [1, 2]

The most common renewable energy sources includes windmills, tidal energy and pho-
tovoltaic devices. Their energy supply is discontinuous, depending on fluctuations in
the availability of the energy source, and are thus often classified as intermittent energy
sources. In order to build an energy-sustainable economy and prevent overcompensation
of the power-grids, the energy harvested requires an intermediate power storage. [1, 3]
Since the technological ability to store energy is far behind the demand for energy pro-
duction, efficient energy storage is declared as a bottleneck for the green shift. Effective
and sustainable storage technologies that are able to meet the energy requirements of the
modern day are in high demand. Also, owing to the aim of minimizing the carbon foot-
print, further measures have been done by replacing gasoline powered cars with full/hybrid
electrical cars (EV/BHV). [4] Consequently, the production of electric cars has expanded
in recent years. Including the increasing necessity of portable electronics in everyday-life,
we are currently dealing with an ever-growing demand for not only high-energy storage
technology, but also smaller, lighter and safer systems. [5, 6] Already in the 90s, the En-
vironmental Protection Agency (EPA) estimates Americans to purchase nearly 3 billion
batteries each year. [7]

The main energy storage system of today is rechargeable batteries. These are uninterrupted
power sources that are able to store energy in the form of chemical energy, and facilitate
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high energy conversion rates when needed. Further, their geometries and properties can be
adjusted to fit a specific application area. The most commercialized rechargeable battery,
and still predicted to be dominating portable energy storage systems for many years to
come, is the lithium-ion battery (LIB).

Already in the 1970’s scientist saw the potential for lithium metal (Li) as an electrode ma-
terial component. [8] After only a quick peak in a chemistry book one can find the answer
why. Lithium cations (Li*) have one of the smallest ionic radii of any single charged ion
and is the lightest elemental metal on earth. Also, Li has the lowest reduction potential
with its electrode potential of -3.04 V versus the standard hydrogen electrode. [9] These
factors provide Li with its high gravimetric capacity of 3859 mAh/g as well as volumetric
capacity (2061 mAh/cm?®). However, due to safety issues concerning the use of Li as an
anode, commercial LIBs do not use metallic Li, but rather graphite as the anode.

The most used LIB uses a layered LiCoO, as a cathode and graphite as an anode. This
was commercialized by Sony and revolutionized the battery industry in the 1990’s. [10, 11]
Since then, many other cathode materials have been developed and implemented while the
main anode material used is still graphite. Cobalt (Co) has a high price, toxicity, safety
and ethical issues [12] which led to attempts of substituting it with other elements (Fe,
Mn, Ni and Al). As a result, the now widely used LiNi; /3Co0; /3Mn; ;302 (NMC111) was
introduced as a new cathode material in 2001 by Ohzuku and Makimura [13]. Since 2003,
NMCI111 is considered to be one of the best candidates for the positive electrode mate-
rial for batteries found in hybrid electric vehicles; by Amine and co-workers [14]. Even
so, electrical vehicles’ driving range (150—400 km) is still far behind the traditional cars
driven by the internal combustion engine (500—700 km). [15]

The green shift also forces industries such as Glencore Nikkelverk to delve into battery
technology. From an industrial perspective it is interesting to research well-known battery
materials such as NMC111. Chloride (Cl) containing precursors is sometimes preferred
due to price, non-toxicity and availability. [16] Usually Cl solutions needs leaching, and
are then made into sulphate solutions before they are used as battery precursors. [17] The
direct use of Cl precursors are often avoided the synthesis of battery materials. The lack
of research on such precursor materials led to the aim of this work.

1.2 Aim of Work

As a move towards the battery technology, Glencore Nikkelverk in collaboration with
NTNU, wanted to test their nickel- and cobalt chloride solutions (NiCly and CoCls, re-
spectively) as precursors for cathode materials. Thus, the aim of this work is to investigate
the influence of Cl precursors on powder properties and battery performance. To reach this
goal, the well-known co-precipitation synthesis of NMC111 in inert atmospheres is used.
The precursors morphology, phase purity and electrochemical performance are compared
to pure standard aqueous(Aq)-based solutions from Sigma Aldrich.




1.2 Aim of Work

A sub-goal is to investigate the possibilities for making a phase pure NMC111 through
a untraditional co-precipitation of synthesis in air. Manganese is highly oxidizing in the
presence of oxygen. This thesis aim to give an understanding of how the oxygen level
affect the formation an active NMC111 phase and how this ultimately affect the battery
performance. An optimization of the air synthesized active NMC powder is then tested
in terms of phase purity, morphology and electrochemical performance. This is done by
varying the pressure conditions during the Li-reaction and length of heat-treatments. The
synthesis method of active NMC111 powders is then appraised in terms of powder char-
acteristics and electrochemical performances.







Chapter 2

Introduction

2.1 Fundamentals of Rechargeable Batteries

A battery is an electrochemical cell that converts chemical energy from redox-reactions
into electrical energy. It contains a separator, an electrolyte, and two electrodes connected
through an external load circuit. The electrolyte conducts ions between the electrodes
and are an electric insulator. The separator prevents short-circuiting of the cell by physi-
cally separating the electrodes. The electrodes are named according to the redox-reactions
occurring. In a primary battery, the galvanic cell convention, defines the cathode as the
electrode where reduction occurs, whereas the anode is where the oxidation takes place. A
secondary battery is rechargeable and the electrode terms become relative to the direction
of the current. Upon discharge, the anode is oxidized and the cathode is reduced, while it
is opposite during charge. This report applies fixed terms on electrodes derived from their
state of discharge.

2.1.1 Working principle of Li-ion batteries

The cell configuration of a LIB often consists of two layered electrodes, an electrolyte, and
a separator, as shown in figure 2.1. The electrolyte is normally a solution of Li salt mixed in
an organic solvent seen in figure 2.2, and the anode is usually graphite based. The cathode,
being the source of Lit ions (LiT), is normally a transition metal (TM) oxide (LiMO,
where M= Co, Mn, Ni) mixed with a polymeric binder and an electrically conductive
agent. In such a cell, the operating voltage is approximately 3.7 V. [18] The anodic reaction
2.2 cathodic reaction 2.1 and total chemical reaction 2.3 converting chemical energy to
electric energy in a conventional LIB is written as [6]:
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During discharge, Li™ are extracted from the graphite anode. An equal number of elec-
trons are given to an outer circuit connected to the electrical load. The electrolyte carries
LiT towards the cathode surface where it is intercalated into the structure. The TMs in
the MO, material are simultaneously reduced to ensure charge neutrality. This way, the
LiMO, material is reduced (cathode) and the graphite is oxidized (anode) during dis-
charge. During charge, an external potential is applied to initiate the reverse reaction. The
Li™ deintercalates from the cathode while the TMs are oxidized. Li™ diffuse towards the
anode, where they intercalate and are reduced back to Li. Hence, electrical energy is stored
in the form of chemical potential. [5]
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Figure 2.1: The configuration of the first LIB cell, with a graphite anode, LiCoO, cathode and Li
conducting electrolyte. The working principle is shown in the state of charge. [19]
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2.1.2 Terminology and Figures of Merit

There are some essential terms within the world of electrochemistry that should be defined
to ease the readability of this thesis. According to Goodenough er. al. [20], some of the
most important terms to interpret are:

* Cell voltage

* Specific capacity

* Energy density (gravimetric and volumetric)
 Rate capability

e C-rate

* Cycle life

 Shelf life

* Safety

The cell voltage or cell potential (V) is a result of a potential difference between two
electrodes, and is a relative term. In the half-cell LIB, the redox potential of the cathode
transition metals versus Li/Li* dictates the cell potential. [21] Therefore, the voltages
mentioned in most LIB research, as well as here, are relative to Li/Li*. The operating
voltage refers to a fixed voltage range a battery can work within. For safety, an upper
and lower limit called the cut-off voltage is set for the cell potential during cycling. This
restricts the amount of Li* (de)intercalating the electrodes and prevent unstable structures.

Capacity defines the amount of electrical charge stored in a battery material and/or in an
entire battery electrode. Capacity is measured in coulombs and usually expressed in Ah
(Ampere hour). 1 Ah is 3600 coulombs, hence the capacity of one mole electroactive
material that transfers one electron per process, is 1 F or 26.8 Ah. However, the practical
world of energy storage and conversion uses the term practical- and theoretical specific
capacity. The theoretical specific capacity (C, ;) of a compound is calculated using the
molecular weight (M,,,) of active material and the number of electrons (n) contributing in
the redox-reactions by the following equation [21]:

nkF
Cst = m[mAh/g] 2.4
where F is the Faraday constant equal to 26 801.5 mAh/g. The specific capacity of the
LIB (Cp)is determined by both considering the specific capacity of the anode, C 4 and the

cathode C¢ by the following equation [20]:

CaC,
C[mAh/g] = ﬁ (2.5)

The practical specific capacity (Cs ;) is the actual capacity the battery can deliver. It can
be calculated using information from a voltage-time curve from galvanostatic cycling test
and equation [21]:
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iAt,

36000, [mAh/g] (2.6)

Cop =
where i is current density (Am~?2), A is the area (m~2), t,. is the time in seconds (s) until
cut-off potential, and M,, is the molecular weight (g/mol). The practical capacity also
depends on electrode design, cell configuration, kinetic limitations of the electrochemical
reactions, temperature conditions, and C-rate. [21]

The energy density is the density at which energy are able to be stored, and should be max-
imized both per weight (gravimetric energy density) and per volume (volumetric energy
density). A batterys operating potential (V) and specific capacity (C,) are directly related
to energy density (E) [22]:

E=CV 2.7)

Consequently, we can improve the energy density of a LIB by increasing the capacity of
the anode and/or the cathode. [21] Equation 2.7 reveals that another way of increasing
density is finding materials with large potential differences, hence high operating poten-
tials. Since LiT™ has a low potential it is necessary with cathode materials able to work
at high voltages versus Li/Li™. In a completely charged battery, the chemical energy is
stored as an electrochemical potential (). The difference in electrochemical potential of
the anode 1 4and the cathode (p¢) results in an open circuit voltage (Vo) [20]:

(A — pc)

Voc = (2.8)

where e is the elementary charge.

Upon charge and discharge, the anode or cathode will experience a certain degree of polar-
ization (1)). A higher 7, indicates that the (de)intercalation process of Li™ becomes more
difficult. The output voltage (V p;s) will be reduced while the input voltage (V¢y,) increase
according to [20]:

Ven = Voo +n(Ich, q) 2.9
Vbis = Voo — nIpis, q) (2.10)

This effect depends on the current during charging (I¢,) and discharging (Ip;s), and the
internal battery resistance which are related to the state of charge (q). [20]

The shelf life means how long a battery can be stored without usage and is dependent on
storage temperature, degradation mechanisms and stability of the battery. The cycle life
is defined as the total number of charge and discharge cycles the cell can sustain. For an
electric vehicle battery, the cycle life is the number of cycles that deliver above 80 % of
initial reversible capacity. [23] This is usually described by cycling stability, cyclability,
capacity retention and reversibility, which evidently refers to the same. The two former
are general terms, whereas the capacity retention is usually referring to the percentage of
initial capacity remaining after a certain amount of cycles. [20] LIBs coulombic efficiency
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(CE) is a common figure of merit to indicate of how many Li* the LIB is able to utilize
from the previous charge and describes the capacity fade during a cycle [24]:

o Cdis
B Cch

A deviation of CE = 100% denote a irreversible capacity loss. [24]

The rate capability describes the difference in capacity when cycled at high or low current
hence a short or long charge time. A high rate capability results in high charge/discharge
rates. High charge rates are accomplished when applying high currents which shorten the
cycle. However, fast charging will reduce the specific capacity due to kinetic limitations
causing a more rapid cell degradation. The redox reactions and ionic diffusion should,
therefore, be fast. A combination of a high electronic- and ionic conducting electrodes
with a high ionic conducting electrolyte provide high reaction rates.

Ccr

x 100 @2.11)

The C-rate is a parameter governing the rates of charge and discharge. It sets what amount
of current the battery will be provided with or deliver, during a certain time. The capacity
is commonly rated at 1C. This means that a fully charged battery with 100 % energy ef-
ficiency, rated at 1Ah could provide 1A for 1 hour. Essentially, this means that a battery
that is discharged at 1C will be fully discharged in 1 hour. [21]

Thermal runaway is the phenomenon that has caused LIBs their well-known explosions.
At a critical temperature, the materials in the battery start to break down exothermically.
When heat is generated faster than its ability to escape, this starts an unstoppable runaway
reaction and the electrolyte will eventually ignite. [25]

The importance of these parameters are dependent on the battery application area. For
stationary batteries used in, for example, electric grids that will be used over thousands of
cycles, optimization of the cycle life, shelf life and efficiency are of importance. Portable
batteries, however, should be safe to use, and small in terms of weight and volume since a
high energy density is preferred. For all batteries, it is of interest to have environmentally
friendly materials with low costs, processed in an efficient way.

2.2 Li-ion Battery Components

A Dbattery are made of three components: the electrolyte, anode and cathode. Each should
be carefully advised relative to the others before assembling them into a battery system.

2.2.1 The Electrolyte

A list of minimal requirements for an electrolyte made by Xu et. al. [26] states that it
must:

* be a good ionic conductor and electronic insulator, to transport Li* and to separate
for ionic- and electronic transport.
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* have a wide stability window shown in figure 2.3 to prevent electrolyte degradation.
* be inert to the other cell components to ensure a stable system.
* be robust against various abuses, such as electrical, mechanical, or thermal.

* consist of environmentally friendly components, synthesized in a sustainable way.

The electrolytes that fulfill these requirements in a LIB is usually based on non-aqueous
or aprotic solvents with a supporting electrolyte responsible for charge carrying. [27] A
typical composition is lithium hexafluorophosphate (LiPFg) salts dissolved in a mixture of
the organic carbonates presented in figure 2.2. [28] Commercial electrolytes also contain
various additives that work as flame inhibitors or stabilizing agents and can increase the
electrolyte stability window. [6]

0O o) 0O
/\OJ\O/\ \O)J\O/ /\O)J\O/

Diethyl carbonate (DEC)  Dimethyl carbonate (DMC) Ethylmethyl carbonate (EMC)

o 0

0 0 F_|°
Fol.F
O)J\O )J\ { ’P:'F ]
L Lit

Propylene carbonate (PC)  Ethylene carbonate (EC) LiPFg

Figure 2.2: Overview of the common electrolytes. Adopted from Goodenough and Etacheri [6, 27].

The Stability Window

The stability window of an electrolyte describes at what potentials an electrolyte can work
without facing any crucial side reactions. Such a window is defined between the energy
difference from HOMO to LUMO shown in figure 2.3. The batterys operating potential
must lay within these limits. This means that the chemical potential of the anode (1 4) and
the cathode (1) must be lower than LUMO and higher than HOMO of the electrolyte,
respectively. If o is below HOMO, the electrolyte is oxidized at the cathode. Likewise,
if p4 is above LUMO energy, the electrolyte will face a reduction on the anode. Such
electrode/electrolyte reactions cause formations of a cathode interphase layer (CEI) and,
more importantly, the well-known solid electrolyte interphase (SEI). [22]

The SEI formation

The electrolytes shown in figure 2.2 has oxidation- and reduction potentials vs. Lit*/Li
close to 4.7 V and 1.0 V, respectively. However, the intercalation potential of Li* into a
graphite anode lays between 0 V to 0.25 V vs. Li*/Li. [27] Thus, the intercalation of Li™
during charging occur at potentials outside the stability window of the electrolyte. The
electrolyte is decomposing on the anode surface, forming the passivizing SEI layer. The
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Figure 2.3: The stability window of a electrolyte (E,) determined relative to the chemical potentials
of the cathode (1.c) and anode (11.4) HOMO is he highest occupied molecular orbital whereas LUMO
is the lowest unoccupied orbital. [20]

SEI formation has positive and negative side effects. First, SEI formation consumes Li™
which increase internal resistance and reduce the capacity by reducing the amount of avail-
able Li™. Consumption of Li in such side reactions may cause irreversible capacity losses
as not enough Li is present to participate in the cycling. Internal resistance introduces a
potential drop (IR drop) between the charge and discharge states. IR drop decreases energy
efficiency and causes heat release. [22] Second, SEI alter the initial capacity and result in
a long-term capacity fade. [27] Even so, the SEI layer is considered essential in a LIB.
Since Li™ have a small ionic size that can diffuse through during cycling, it protects the
anode against further degradation. It also minimizes the aggregation of active particles on
the electrodes, thus reduce over-potential and concentration polarization. [29]

2.2.2 The Anode

The anode materials closest to fulfill the above-mentioned criteria can be divided into
three main categories depending on their reaction mechanism with Li/Li™, namely: alloy-
, conversion- and intercalating materials. The two former are not yet commercialized.
Conversion materials are based on TM oxides, or metals combined with either nitrides,
sulfides or phosphides (MxXy, where X = S, P, N). The alloy anodes are normally based
on Si, Sn, Sb, Mg or Al. [30] These have charge densities 2-5 times higher than commer-
cialized graphite anodes. However, volume expansion/contraction (up to 300 %) [31], and
irreversible capacity loss leaves them with poor cycling stability. [32]

The intercalating/de-intercalating anodes are most used anode materials. These are com-
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monly known as graphite anodes, owing to carbons (C) low working potential vs Li/Lit,
low cost, and good cycle life. Silica is another highly interesting anode material that can
provide an extremely high energy density. During intercalation in pure graphite anode, Li™
goes through the reaction 2.2 above. Each Li™ site needs 6 C atoms and the reversible ca-
pacity is restricted to 372 mAh/g. [33] The diffusion rate for Li* intercalation in graphite
is lower than other carbonaceous materials, and the formation of an SEI layer is favorable.
[34]

2.3 Cathode Materials in Li-ion Batteries

As mentioned, the cathode materials must fulfill certain requirements regarding safety,
cost, lifespan, performance, specific power, and specific energy. The materials clos-
est to fulfilling these properties inhabit layered (LiMO2)[9], spinel (LiM2Qy4) or olivine
(LiMPOQy) crystal structures. [12] Commercialized cathode materials are represented rel-
ative to one another in figure 2.4 and the following section will introduce some of these.
[12, 35] For a cathode material, high capacity and voltage is considered above 200 mAh/g
and 4 V, respectively. [35, 36]

«e0+ |iCo02

Specific LiMn204
engrgy .e0s NMC111
. Specifi
Cost ) : PpeC| ic
o b e ower
PIRY
.. ., . Py
Lifespan Saftey
SR
Performance

Figure 2.4: Overview of the most common cathodes relative properties in terms of spesific energy,
spesific power, cost, safety, performance, lifespan, and cost. [35]

2.3.1 Spinel Oxides

Lithium manganese oxide (LiMn,QO,) is a spinel-structured cathode. The structure is
shown in figure 2.5. The TM cations are ordered in all layers, and Li occupy tetrahe-
dral 8a sites.[37] Such lattice is compact and provides a high energy density.

The major issue with manganese-containing spinels is the stability when extracting a cer-
tain amount of Li. The Mn®" undergo redox reactions in the presence of hydrogen ions
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Figure 2.5: A) Shows the unit cell of a LiMn2O4 (LMO) crystal structure and B) a cross-section of
the layers, one mixed Li and Mn and one with pure Mn. The seats for Li are shown in green, O is
red and Mn is purple. The structures are made in VESTA. [38]

and form Mn** and Mn**. Mn?* can dissolve from the cathode lattice into the electrolyte
subsequently and deposit on the graphite anode. This will make the layer SEI layer con-
ducting and prevent Li diffusion which is seen as severe impedance increase and capacity
fade during cycling. Moreover, the practical capacity of LiMn,O, is limited to ~ 120
mAbh/g at 4 V vs Li/Li* at 80 % Li* insertion/extraction. [39] The first Li intercalating will
occupy the 8a tetrahedral sites shown in figure 2.5. However, the second Li* will enter the
large octahedral 16c¢ sites, corresponding to a low discharge potential plateau of 3 V. At
2.8V, spinel structures, therefore, undergo a macroscopic structural transition from cubic
spinel LiMn20Oy to tetragonal spinel LisMn2O4 symmetries. This is due to the JahnTeller
distortion associated with the high spin Mn**. [37] The transformation is recognized as
the plateau found below 3 V in figure 2.6. This clearly comes with huge capacity fading
but also volume expansions and should be the lower cut-off voltage. [22, 39]

Another heavily investigated spinel composition is the LiNi,Mns_, 04 (LMNO). This is
a high-voltage cathode with an operating potential at 4.7 V. [20] Essentially, there are two
factors keeping LMNO from commercialization. First, the crystal structure can be either
ordered or disordered. The former has poor electrochemical properties and the synthesis
of a pure disordered phase is challenging. [12] Second, at high voltages the electrolyte
decomposes which leads to safety risks. [22]

2.3.2 Layered Transition Metal Oxides

Today, layered LiMOy are the most commercialized LIB cathodes. They adopt a a-
NaFeO, structure with space group R3m. The crystal structure is shown in figure 2.7.
This is a repeating O3 structure of O—Li—O—TM—0O—Li—O—TM-—Li along the rhom-
bohedral [001] direction ([111] for spinels). [40] In a unit cell with n number of anions
there are 2n tetrahedral and n octahedral sites available. A perfect R3m structure has TM
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Figure 2.6: Specific capacity (mAh/g) are plotted against potential vs Li*/Li (V) for a lithium
manganese oxide. The phase transformation between a tetragonal spinel and cubic spinel under 2.8
V is shown. [22]

sites (3a) and Li sites (3b) clearly separated in octahedral sites. [22] The 2D alternating
layers of Li and MO, give a unique cycling mechanism. The main challenge of layered
cathodes is to maintain a stable MOy structure during the delithiation process and a stable
electrolyte at voltages above 4.3 V. [40]

®o
@®@® Ni, Mn and Co
oL

A

Figure 2.7: A) Shows the unit cell of a LiMO3 crystal structure and B) a cross-section of the pure M
and Li 2D layers. The seats for Li are shown in green, O is red and Mn is purple. [41] The structures
are made in VESTA. [38]

Layered LiCoO4 (LCO) offer a life span of only 500-1000 cycles and contains the toxic
and expensive Co metal. The materials suffer from poor safety at elevated temperature
in the charged state, causing the low thermal stability, shown in figure 2.10. LCO has a
theoretical specific capacity of 275 mAh/g vs Li/Li™. However, as figure 2.14 indicates,
only 50 % of the theoretical capacity are accessible (140 mAh/g). This is explained by the

13



2.4 Lithium Nickel Manganese Cobalt Oxide (NMC)

electron structure shown in figure 2.8. To reach the Co*™ state over half of the Li* must be
extracted during cathode delithiation (charge). Strong repulsions develop between CoOs
layers due to an overlap between the Co’t/4+ to, band and O%~ 2p band. This causes
electrons to delocalize and the high oxidation state of Co** cannot be accessed with-
out encountering chemical instability and safety concerns. [12, 39] Ni electron structure
shown in figure 2.8 has less overlap, hence fully replacing Co with Ni gives a higher uti-
lization of Li (80 %). LiNiOs is, therefore, approaching the capacity of 220 mAh/g. [40]
Other challenges are however related to the LiNiOy materials. Stochiometry difficulties
during powder synthesis, structural changes, and safety issues induced by an oxygen re-
lease in charged state [42] and thermal runaway are some. [39] Most of these concerns are
influenced by a well-known phenomenon found in Ni-rich materials called cation mixing.
[40]

LiCoO; LiNiO2 LiMnO;

Co™ ity

o? 1 2p

N(E) NE)

Figure 2.8: Electron-structure of the three different layered LMO> structures where M = Ni, Co or
Mn. [39]

Cation mixing involves cations disordering between TM sites (octahedral 3a site) and Li
sites (octahedral 3b site). Ni®™ is unstable according to crystalfield theory. [40] Therefore
Ni has tendency to be Ni%* rather than Ni®* in the FCC octahedral site. The ionic radius of
Ni%* (0.69 A) is similar to the ionic radius of Li* (0.76 A). Owing to this similarity, Ni®*
can occupy the 3b Li sites shown in figure 2.9. The presence of TM in the Li layer leads to
a partial destructive interference in the (003) plane and increased constructive interference
of the (104) plane. The degree of cation mixing can, therefore, be detected with Xray
diffraction analysis. Large amounts of cation mixing are seen as a decrease in intensity of
the (003) peak, and an intensity increase for the (104) peak. [43] As a result, the degree
of cation mixing is inversely proportional to the intensity ratio of the (003)/(104) peaks.
[40] Ni-rich cathodes usually have a higher degree of cation mixing. A restricted amount
of Ni in the structure is therefore beneficial although it is the main electrochemical active
species.

2.4 Lithium Nickel Manganese Cobalt Oxide (NMC)

The unstable structures of LiNiO, and LiCoO, can be stabilized by adding Mn into the TM
layers. This idea gave rise to the now commercialized NMC cathode. In addition to being
a structure stabilizer, Mn is more abundant and less toxic compared to Ni and Co and it
will reduce the cost. However, being in the form of Mn?* it is electrochemically inactive.
This will lower the theoretical capacity. Hence, Ni, Mn, and Co contribute with different
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. _Ifido_n
- ion
L] Oxygen

(104)
plane

(003)
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Figure 2.9: Partially cation mixed phase of Li and Ni atoms with labelling of (003) and (104) planes.
Li sites are yellow, Ni red and coordinated O atoms dark blue. [40]

beneficial values to the battery shown in figure 2.10. While Mn stabilizes the structure and
increases thermal stability, Co stabilizes the TM layers, whereas Ni increases the capacity.
The ratio of the three TMs will give quite different properties without changing the crystal
structure of the layered NMC.
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Figure 2.10: A map of the NMC materials discharge capacity(black), thermal stability(blue), and
capacity retention(red). The content is shown in brackets in the following order: (Ni Mn Co).
Reproduced from [36] and inspired by [44].

Noh et. al. [44], compared different ratios of X,y and z in the NMC (Li(Ni;Co,Mn)O3)
structure and concluded that a moderate content of each TM (NMC111) was the most
promising in terms of operating voltage, rate capability, cycle-ability, thermal- and struc-
tural stability, and discharge capacity. [45, 46] A moderate content of Mn and Ni will
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2.4 Lithium Nickel Manganese Cobalt Oxide (NMC)

suppress cation mixing and stability issues while keeping a relatively high capacity.

24.1 The NMC111

The TMs are in the state of Co®*, Ni?*t and Mn**. As seen in equation 2.13, Co con-
tributes with 1e~ and Li™ per Co site. Ni can obtain multiple oxidation states and accord-
ing to equation 2.12 offer 2e ™ per metal site. Ni is, therefore, the main electrochemical ac-
tive species of NMC111 and provides its high practical specific capacity of ~ 200 mAh/g.
[36]. This is explained by the electron structure of Ni in figure 2.8. Ni orbitals are at low
energy states relative to the other TMs, making it adaptable to most electrolyte stability
windows. Hence, the 2.12 reaction can occur at a relatively higher voltage (4.4 V) without
any crucial side reactions.[47] A high voltage will allow more reactions to occur, which is
seen as the high capacity to high voltage trend reported by Lee in 2004 [48]. The discharge
capacity of NMC111 increases from 159 mAh/g when cycling between 2.8 - 4.3V, to 177
mAh/g when cycling between 2.8 - 4.5 V. It is also reported that much of capacity obtained
when cycling above 3 V is partly from oxygen reactions. [49]

Ni2t == Ni** +2e~ (2.12)
Co®t = Co't +1e” (2.13)

Aging mechanisms seen NMC cathodes influence each other and are very complex. [50]
Among these, the most important is related to:

* Active mass dissolution (usually of Mn**) [51-53]

* Formation of a cathode-electrolyte interface (CEI) between on the cathode surface
during the initial cycles [35, 54-57]

* Oxidative decomposition of electrolyte at high voltages [47, 49]

e Irreversible structural reconstruction (such as cation migration) and phase transfor-
mations [41]

* Microstructure cracking during cycling [58, 59]
¢ Cation mixing [42, 47, 60]

A consequence of aging mechanisms will be seen as fading of electrochemical perfor-
mance. More specifically it will result in low capacity retention after cycling, larger po-
larization, a decrease in coulombic efficiency due to side reactions consuming Li*. The
impedance generally also increase with cycle number. [61] The reactions will mostly
be seen during charging as a high degree of delithiation induce more structural changes.
volume expansions and mechanical stress. [61] The phase transformations and volume
expansions are however less than those seen for anodes. Total cell failure can also occur,
especially if the layer CEI layer are thick and do not conduct Li*. This will give a rate-
determining step that limits the whole diffusion process. [62]
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2.5 Synthesis routes of NMC111

Not only the cathode composition but also the powder properties should be optimized in
respect to electrochemical performance. The materials crystallinity, phase purity, particle
morphology, grain size, surface area, and cation distribution should be carefully consid-
ered. These are directly determined by the materials synthesis method. [63, 64]

2.5 Synthesis routes of NMC111

NMCI111 powders are traditionally synthesized by various methods, including sol-gel, hy-
drothermal method, and co-precipitation. Sol-gel is well-established because it produces
a pure phase at high calcination temperatures. Unfortunately, high temperatures cause un-
desirable particle growth. Hydrothermal methods utilize sealed conditions to obtain high
pressures. It maintains crystallinity and purity while using low temperatures to avoid parti-
cle growth and saving costs. [65] The co-precipitation methods are advantageous due to its
uniform powders, easy-scale up and relatively low temperature conditions. [66] However,
the milder temperature conditions count for a longer reaction time [65] and the reaction
conditions, such as atmosphere or precursors, should be strictly controlled to produce a
phase pure material. [67]

Depending on the precursors, the precipitate will form different intermediate phases. The
co-precipitation using NaOH for the co-precipitation forms a (Ni;;3Mn;,3Coy3)(OH), (hy-
droxide phase) which is highly unstable due to the presence of a Mn(OH), phase. This
will easily oxidize to MnOOH and/or MnO,; during the co-precipitation. This can trans-
form into spinel phases during heat-treatment, and cause a non-stochiometry that leads to
the formation of multiple other secondary phases (also referred to as impurities). The co-
precipitation of hydroxide phases is often performed in the presence of Ny gas to obtain
inert atmospheres. This complicates the synthesis, especially in large scale productions.
One way of avoiding the highly oxidizing hydroxide phase is to use carbonate precipita-
tion Na,COs. [68] However, few researchers have actively tested how these Mn-impurity
phases eventually influence the cycling properties of the battery, and how the presence of
Cl anions (CI™) will affect these oxidizing Mn phases.

2.5.1 Co-precipitation

Co-precipitation of hydroxide phases to make a NMC111 normally mix nitrate [69], sul-
phate or acetate [65] based TM precursors with ammonia hydroxide (NH;3 - HoO) and
NaOH at a low temperature in an inert atmosphere. According to Yang and co-workers
[70], NH3 - H2O act as a ligand which decreases the concentrations of free Ni2t, Co2t
and Mn?T by complexing the TMs so a homogeneous (Ni; /3C01/3Mn; /3)(OH)2 phase
will participate. Li are added in a 1:1 ratio to get a Li(Ni; ;3C0;,3Mn; /3)(OH)2 phase.
[65] The amount of ligand will influence the powder intrinsic properties. In this aspect,
Hu et. al. [67] reported the ideal ratio of NH3 - HoO to TMs in terms of powder properties
to be 2.7:1.
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2.5 Synthesis routes of NMC111

The TM hydroxide phases, Ni(OH)3, Co(OH)s and Mn(OH),, are regarded as impurity
phases. Seen from their solubility constants, these will form separately at different pH
values. The pH and presence of oxidizing species (such as oxygen) should, therefore, be
strictly controlled. [48, 67]

The pH, temperature, atmosphere are all reported to have a large influence on the purity
of the co-precipitate. [48] Little research is however done on how different precursors
influence the formation of secondary phases and intrinsic powder characteristics of active
NMCI111 for usage in cathodes. Some precursors, such as CoCls, is reported to accelerate
the formation of Mn-based impurities. [71] It is also well known that the anions in solu-
tions directly influence the mechanism of particle growth. [72]

As mentioned, the particle shape and size of the active powder influence the electrochemi-
cal properties practical use, so controlling the particle morphology is very important. [65]
A hydrothermal step is known to enhance the powder properties of the hydroxide powder
and improve battery performance. In such high pressure conditions, small agglomerated
particles will grow into grains with sharp-edge morphology and more uniform distribution.
[65] A way of classifying particle shape is in terms of roundness, sphericity, and angular-
ity. This was nicely illustrated by Sims [73] in 1998 and the shapes are supplemented in
the Appendix in figure A.1.

Another powder property that might influence the electrochemical properties are the single-
and polycrystallinity of particles. Cho and coworkers [74] proposed that single crystal ma-
terials enhance the battery cycling performance due to higher surface areas which cause
better contact with the electrolyte and shorter diffusion paths for Li*. A typical ideal shape
of a single-crystalline NMC111 material illustrated by Juan et. al. [75] is represented here
in figure 2.11. The single crystals have high angularity and sphericity where each surface
(or facet) corresponds to a crystal plane (104, 012 and 001). The size of each facet, and
the chemical potential of Li (u1,;) and oxygen (1) influence the stability of the NMC111.
The unfavored oxygen release already becomes spontaneous for delithiation above 40 %
for the (012) surface. As no oxygen release occurs < 60 % deltitiation at the (104) sur-
face, one should choose a synthesis route that favor single crystals and formation of a large
(104) surface. [75]

NMC111

Ho ~0.1eV
K, ~2.5eV

Figure 2.11: Particle shape of single-crystal NMC according to Juan and co-workers [75]. The pr.;
and (o) to the electrical potential of the Li and oxygen, respectively.

18
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2.6 Characterization techniques

Intrinsic and extrinsic powder properties influence powders electrochemical performance.
Thus, morphology, particle size, particle size distribution, and phase purity should be con-
sidered when evaluating a synthesis method for cathode materials. X-Ray Diffraction
(XRD), Scanning Electron Microscopy (SEM) and nitrogen(Ns)-pyhsisorbtion are well-
known methods for these purposes. [21]

2.6.1 X-ray Diffraction

X-Ray diffraction (XRD) is a well-established characterization technique in the field of
materials characterization to obtain information on the structure at an atomic scale of crys-
talline samples. In crystalline materials, the atoms, ions or molecules are arranged in a
regular manner. These arrangements diffract x-rays in different manners which ultimately
gives information about the materials structure ordering. [76]

Incident X-rays Diffracted X-rays

2d sin®

Figure 2.12: Schematic representation of the Bragg’s equation. Illustration inspired by [77].

The principle behind XRD is shown in figure 2.12. Incident X-rays with a known wave-
length (vy) hit the sample. The crystal planes diffract the beam with a specific angle (6).
All diffracted X-rays will travel their own optical path length depending on the distance
between lattice planes (d) and incident angle of the beam. X-rays that are scattered from
the sample interfere either constructively or destructively. The angles at which construc-
tive interference occurs are measured and described by Bragg’s law in equation 2.14. This
way, the Bragg equation allows determining the distance between the lattice planes of the
material [78].

ny = 2dsinf (2.14)
Analysis of an XRD diffractogram may be used for [76, 77]:

* Qualitative analysis: A diffractogram is often though as the fingerprint of a sam-
ple. The diffractogram can be compared with databases and identify the crystalline
material.
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* Calculating the relative amounts of phases present for samples containing secondary
phases or impurities.

* Detecting dimensions of unit cell lattice parameters. Smaller crystalline sizes will
shift to lower 26 values.

* Determining crystallite size and strain as these usually affect the peak width.

XRD analysis is also possible to use for structural evolution in situ or ex situ at specific
states during battery cycling. In situ battery analysis collect data during the cell cycling at
the same environment that material reacts. The ex situ involves disassembling of the cell
and extraction of the electrode for further analysis. [79]

2.6.2 Scanning Electron Microscopy

Scanning electron microscopy produces high resolution and high magnification images of
samples by scanning the surface with a focused beam of electrons. The impact of the elec-
trons on the sample atoms causes a variety of electron and photon emissions. The intensity
of the signals contains information about topography and composition of the sample. With
a lateral resolution down to 2 nm, it is often used in combination of software for evalu-
ation of morphology and crystallite size. [80] The type of emission chosen for detection
depends on the desired result. For topographical analysis mode, secondary electron emit-
ted by atoms inelastically scattered by the electron beam is detected. The SEM sample
preparation is minimal, however, non-conducting samples need a thin conducting layer of
either carbon or gold. [81]

2.6.3 Nitrogen-physisorbtion

Nitrogen(N>)-physisorbtion and Brunauer, Emmett and Teller (BET) theory is commonly
used to generate No-adsorption data and evaluate a specific surface area. The most com-
mon 6 step process for obtaining adsorption- and desorption isotherms in figure 2.13. [82]
First, Ny is pumped into a sample tube at its boiling point temperature (-196 °C) where
it condenses (adsorps) on the solid with an assumption of monolayer coverage. An ad-
sorption isotherm is obtained and used to find the volume adsorbed on the external and
the accessible internal pore surfaces. From the amount of gas adsorbed and the size of
gas molecules, the BET surface area is calculated. It is usually expressed in units of area
per mass of sample (m?/g). By including the desorbition step, an desorbtion isotherm is
obtained which can be further used in calculations of pore size distribution. [83]

2.6.4 Electrochemical Characterization

The most common way of measuring the electrochemical performance of new material is
charging and discharging of the electrode. The experiments are usually carried out with
cyclic voltammetry (CV) or galvanostatic cycling. These two methods mainly obtain the
same information. Galvanostatic cycling measures the practical capacity at a fixed current
density (C-rate), whereas CV uses a constant potential sweep rate (V/s). A constant current
allows more time for the electrochemical processes to react to completion whereas CV
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Measuring surface area with BET

OPTIONAL
1 - Degas 2 - Evacuate 3 - Volume 4 - Evacuate 5- AdsorPtion 6 - Desorption
Heat and evacuate Apply vacuum Measure dead Apply vacuum Add N3 for Evacuate N2 for
(or add N2) to tubes volume with He to tubes adsorption isotherm desorption isotherm
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Figure 2.13: The 5 step process of N,-pysisorbtion used to obtain an adsorption- and desorbtion
isotherm. Figure obtained from [82]

force the change of potential regardless of the state of charge of the electrode. The kinetic
limitation may thereby restrict some of the capacity from being accessed. [79]

To avoid overcharging, the charge and discharge cycles are terminated when it reaches a
particular potential. An overcharge will continue the (dis)charge after all active material

has been utilized. At this point, other components will start breaking down to provide
electrons and reduce cycle capability. [79]
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Figure 2.14: The discharge profiles and crystal structures of most common materials. Capacity
(mAh/g) is plotted against potential vs LiT/Li (V). [22]

Galvanostatic profiles are usually presented in potential plots called the charge-discharge
profile. Here, the specific capacity is plotted against the potential (vs Li/Li*). [79] The
crystal structures of material causes distinct plateaus that be used as a tool to characterize
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the cathodes (de)intercalation mechanisms and structure changes during cycling. The typ-
ical discharge profiles of four different cathode materials are presented in figure 2.14. [22]
Another way of presenting galvanostatic cycling data is through a differential capacity
(dQ/dV) plot. Here, the inverse of the derivative of the potential times the specific capac-
ity curve is plotted against the potential. The plateaus in charge-discharge profiles are now
seen as peaks. Each peak corresponds to an active redox couple, and these are shown in
figure 2.15 for Li-rich NMC. Small variations for each cycle account for reversible reac-
tions whereas the area under peaks are the capacity of that particular process. This way,
such plots provide information about the interplay between anionic/cationic redox couples
governing the kinetics and thermodynamics of the cathode. [79, 84] The figure 2.15 also
shows the anionic redox reactions (O%~). However, cationic reactions are without hystere-
sis kinetically faster than sluggish anions. Anionic redox increases the capacity but will
cause a hysteresis, poor kinetics, and voltage fade. [84]

Slow Fast Slow
N‘?r 3+/4+
MnHE  ggis
(07 o Ui 0 = 5 i3 o= I6T

dQ/dVv

Mn*3+ O™ /0%

Slow Fast Slow
T g T " T 2 T T T » T " T g T
2.0 24 2.8 3.2 3.6 4.0 4.4 4.8
Voltage vs Li (V)

Figure 2.15: The dQdV-plot for a typical Li-rich NMCI111. The electrochemical kinetics (based
on impedance measurements) and peaks corresponding to the anionic and cationic redox reactions.
Small capacity is contributed from Mn*"** at low potentials with a peak at 3.2 V (blue). Further
charging to 4.1 V will give a peak at 3.8 from cationic oxidation (gray). For higher potentials up to
4.8 V (red and green), the main contribution to capacity will be from anionic reactions. Upon dis-
charge at high potentials (4.8 V), the charge compensation is split in two. This is causing hysteresis.
The data is based on work from Assat and co-workers [84].
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2.6.5 Electrochamical impedance spectroscopy

The battery state and behavior are characterized by the interplay of a large number of phys-
ical processes, occurring on very different time scales, from microseconds to years [85].
These processes are measured by imposing an alternating signal (current or potential) with
a certain amplitude in a frequency range from kilohertz (kHz) to millihertz (mHz). The
impedance spectrum is then plotted in a typical Nyquist plot shown in figure 2.16a. Three
main processes are clearly distinguished. From low to high frequencies, these are the War-
burg impedance representing mass transport (Z,,), charge transfer in the electrochemical
double layer (R.; and C4) and ohmic resistance from the bulk electrolyte (R.). An equiva-
lent circuit depending on the system complexity is used to interpret the Nyquist plot. Each
component in the circuit represents a particular process contributing to the cells overall
voltage drop. The Randall circuit is shown in figure 2.16b is the simplest representation of
a battery. [86]

-Im(Z2) A

kHz Hz

ohmic charge mass
losses transfer transfer

Cal
Re i«— Rt — Zw Re(Z)

(a)

Re [

Re: electrolyte resistance
Zw: Warburg resistance
Cd: double layer capacitance

(b)

Figure 2.16: Typical a) Nyquist impedance spectrum in a frequency range from millihertz to kilo-
hertz, revealing different electrochemical processes, and b) the corresponding Randall equivalent
circuit. Diffusion prosesses dominat at low frequensies. Charge transfer processes are revealed at
high frequencies. The figures are adopted from [86].
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Chapter 3

Experimental

The following section gives a detailed description of the experimental work. It is divided
into four main parts: The powder synthesis, cathode material preparation, cell assembly,
and characterization methods. The powder synthesis is the only part where parameters
were varied between the samples.

First, the purity and linear formula of all chemicals used during powder synthesis, cathode
preparation, and cathode assembling are presented in table 3.1.

3.1 Powder Synthesis

The powder synthesis is divided into two sections depending on atmosphere conditions
during the co-precipitation reaction. An overview of the synthesis conditions and the re-
spective sample names is presented in figure 3.1 and main variables are summed up below.

1. Synthesis in air

* Pressure condition during Li-reaction
* The order of Li-addition

* Length of heat-treatment

2. Co-precipitation synthesis in N (inert) atmosphere

For clarity, the purity and CAS number of all solutions are presented in table 3.1. The pow-
der synthesis’ was performed using the two different combinations of TM solutions (_Cl
and _Aq) showed in table 3.2. This was done to observe the effect of Cl-containing pre-
cursors. For samples named _Aq, the precursors were dissolved in distilled water. These
samples were also referred to as the aqueous(Aq)-based TM solutions. Here, the Ni(NO3),,
Mn(NOs), and Co acetate tetrahydrate (Co-Ac) solutions were dissolved in distilled water
with concentrations of approximately 3.7 mol/L, 2.9 mol/L, and 3.7 mol/L, respectively.
The Co-Ac solution was then standardized by thermogravimetry (as described below) to
find the exact amount of cations in the solutions and ensure correct stoichiometry. Samples
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3.1 Powder Synthesis

Co-precipitation in Air Co-precipitation in N,

No Autoclave Autoclave Autoclave No autoclave No autoclave

LINO,-step:
Ambient

LINO,-step: Li-step: LINO-step: LiNOy-step: LiNOy-step:
High Ambient ambient ambient
pressure pressure pressure pressure pressure

Ambient pressure

15h 15h 5h 15h
850°C 850°C 850°C 850°C

Figure 3.1: A flow chart representing the synthesis conditions of all seven samples. They are divided
into two categories depending on the synthesis atmosphere during the precipitation, being either
inert or air (red). These are divided into subcategories dependent on the TM precursors (yellow).
These are either chloride (Cl) based or purely aqueous (Aq) based. Green box describes the main
synthesis conditions and sample names. The samples are named Air_Cl, Air_CI_HighPLi, Air_CI_5h,
Air_CI_LAmbP, Air_Aq, Inert_Cl, and Inert_Aq. The additional (_HighPLi, _5h and _AmbP) refers to
the changed Li addition, heat-treatment and pressure condition, respectively.

named _Cl used NiCly(178 g/L) and CoCls (199 g/L) solutions from Glencore Nikkelverk
instead of the abovementioned Ni and Co precursors.

Table 3.2: The Ni, Mn and Co precursors used as the TM precursor solutions for powder synthesis.
For _Aq, the chemicals are mixed in distilled water. CI refers to the TM precursors mixed dissolved
in HCIL.

Precursor name Ni Co Mn
_Aq Ni(NO3)s Co acetate tetrahydrate  Mn(NO3)o
Cl NiCl, CoCl, Mn(NOj3),

3.1.1 Thermogravimetry

The Co-Ac tetrahydrate solution was standardized using a thermogravimetric method. The
following procedure was performed on four parallels. Four porcelain crucibles with Kao
wool were heat treated previously using the heat treatment program in figure 3.2 to en-
sure removal of organic material and water. The Co-Ac tetrahydrate solution (20 mL) was
added to each crucible. These crucibles were weighed again, and heat treated again with
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3.1 Powder Synthesis

the same program. At the end of the program, the crucibles were immediately moved from
the furnace into a desiccator. After being cooled down to room temperature, the four cru-
cibles were weighed again.

Cobalt tetraoxide (Co3;04) was assumed to be thermodynamically favored at the chosen
standardization temperature (800 °C) and was used to calculate the weight of cation per
gram solution. The concentration of the metal cation in solution (mol cation/gram solution)
was determined by the mass of the initial solution and the mass of the formed Co3Oj.

800°C, 6h
L] Of
200 °C/h €050, 200 °C/h

| 50°c | 100 °C. 3h

room
temp

Figure 3.2: Heat treatment program used for the termogravimetric standardization of the Co-Ac
tetrahydrate solution.

3.1.2 Powder synthesis in air

The five synthesis methods tested in air was named Air_Cl, Air_Aq, Air_CL_5, Air_Cl_HighPLi
and Air_Cl_ambP. The synthesis of Air_CI will be used as a reference for explaining the
other synthesis routes.

Synthesis of Air_Cl powder

The horizontal arrows (including the green arrow named Air_Cl) in figure 3.3 illustrates
the synthesis steps of Air_Cl:

1. Samples named _CI used the solutions from Glencore Nikkelverk (NiCly and CoCly
as Ni and Co precursors, respectively). These were mixed with a standardized
Mn(NOj3), solution in a molar ratio of 1:1:1 and stirred for a few minutes. A 25
% ammonia hydroxide (NH4OH) solution was slowly added so pH reached > 11
while stirring for 3 h at 50 °C. The solution was kept stable at these conditions and
stirred for 20 h. A brown precipitate and dark purple solution were obtained.

2. This precipitate was washed heavily with distilled water filtration (6 times) and cen-
trifuging (10 times).

3. Further, the precipitate was transferred to a Teflon liner (120 mL), which was filled
up with NH4OH to 67 % of its volume capacity. This was placed in a 120 mL
stainless steel autoclave (Parr), sealed and heated to 120 °C. The powder was under
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3.1 Powder Synthesis
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Figure 3.3: An illustration of the synthesis route for Air_Cl; this synthesis follows the horizontal
arrows including the green LiNOs vertical arrow named Air_Cl). The Air_Cl_HighPLi follows the
same route, except the green vertical arrow, was replaced with an early LiOH addition (in red named
Air_Cl_HighPLi). The synthesis of Air_Cl_5h follows the same route as Air_Cl, except it had a
shorter heat-treatment of 5 h (italic black). In the synthesis route of Air_Cl_AmbP, the autoclave
and second filtering step were excluded; the deviating part of this synthesis is described by the bent
arrows colored green. Air_Aq is not shown as it would only differ from the Air_Cl route is that Cl is
not present in the solution.

this auto-generated pressure for 24 h, then cooled to room temperature naturally. A
brown precipitate and clear colorless solution were obtained.

4. The precipitate was washed by filtration with distilled water.

5. The washed powder was then dried at 60 °C in vacuum overnight and weighted. A
solid LiNOg precursor was added to the hydroxide precipitate ((Nij;3Co;3Mn;;3)(OH),)
in aratio of 1:1 relative to the TM ions. These powders were thoroughly mixed with
mortar & pestle (M&P) to form the precipitate (Li(Nij;3Coi3Mny3)(OH),)

6. The mixed powder was then calcined at 480 °C for 5 h to remove impurities.

7. Further, it was heat-treated at 850 °C for 15 h (5 hours for Al_CI_5h) to transform
into the NMC111 oxide. All heat-treatments used a heating and cooling rate of 200
°C/h.

8. The powder was then crushed using M&P, analyzed with XRD, and used as active
cathode material in a LIB half-cell.
Change of precursor (Air_Aq)

For the synthesis of Air_Aq, Ni(NOs), and Co acetate precursors were used instead of
CoCl; and NiCls. The first filtration and washing step were reduced (from 5 times to 1
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3.1 Powder Synthesis

time) and the centrifuge step was skipped. The Air_Aq is not shown in the figure 3.3 since
the synthesis route would look identical to the route for Air_Cl; except the Cl would not
be present.

Change of Li-addition step (Air_Cl_HighPLi)

For Air_Cl_HighPLi, the Li precursor is changed from LiNO3 to LiOH. Also, Li was added
after the first washing in (red, described in step 2) instead of after the second washing
(green, described in step 5) in figure 3.3. This way, the Li reaction occurred in high-
pressure conditions at 120 °C. Two parallels where higher temperatures (160 °C and 175
°C) were tested and are added in Appendix B.

Change in pressure conditions (Air_Cl_ambP)

The green in figure 3.3 represent Air_Cl_ambP. Here, step 3 and 4 described above was
skipped. Instead of using the autoclave the precipitate was mixed with the NH,OH and
stirred at 80 °C for 24 h. Then, it was dried at 120 °C for 3 h. From the addition of LiNO,
in step 5, it followed the same procedure as Air_CL

Heat-treatment (Air_Cl_5Sh)

The Air_C1_5h had a 5 h heat-treatment at 850 °C in synthetic air. This is shown in black
in figure 3.3.

3.1.3 Co-precipitation in inert atmosphere

The second category of powder synthesis represent the two samples Inert_Cl and Inert_Aq.
Both syntheses were performed two times to ensure reproducible results (Inert_C1_2 and
Inert_Aq-2). The inert atmosphere was obtained by pumping Ny gas into a 25 % NH,OH
solution (200 mL) inside a three-neck distillation flask. The flask was placed in a water
bath at 50 °C. A pH meter and thermometer was placed in the third neck of the flask.
These two neck holes were sealed and the system was left for 1 h to ensure an inert Ny
atmosphere. The third neck was used for the addition of the TM solution and NaOH. The
synthesis route and parameters are illustrated in figure 3.4. The differences between the
two samples were the precursor solutions for Ni and Co shown in table 3.2, and extra fil-
tering and sieving step for the synthesis using a TM solution containing Cl.

The precursors described in table 3.2 was mixed in a ratio of 1:1:1 into two different TM
solutions. The TM solution was dripped slowly (rate?) into the distillation flask during
heavy stirring (750 rpm). A NaOH (4 M) solution was added simultaneously to keep pH
11.

Inert_Cl and Inert_Aq was filtered 10 times and 1 time, respectively. During the washing
process of Inert_Cl, the filtered water was tested with Ag(NO3) to detect any Cl. The pre-
cipitate was dried at 60 °C overnight and crushed with M&P. An extra sieving step was
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3.2 Cathode Preparation

added for Inert_CI to remove contamination from the filtration paper from the extra wash-
ing steps. The obtained precipitate was weighted. LiNOs was blended into the precipitate
with M&P. Then, it was first calcined at 480 °C (5 h), blended in M&P, and heat-treated at
850 °C (5 h) in synthetic air. The rate of temperature change was set to 200 °C/h.

60°C (Over night) %\
Vg )
-

Sieving
LiNO;
480°C (5h)
850°C (15h)

4

Inert_Aq Co-precipitation in inert atmosphere Filtering and washing Heat treatment

Figure 3.4: The experimental setup of the Inert_Aq and Inert_Cl powder synthesis in an inert at-
mosphere. In the Inert_Cl synthesis, the presence of C1™ accounted for multiple filtration steps,
followed by an extra sieving step (shown in red).

3.2 Cathode Preparation

The seven powders described above were treated in the same way after synthesis and all
are referred to as the active powder in this section. The active powder was made into
a slurry with a 1:20 wt % solution of polyvinylidene difluoride (PVDF Keynar, reagent
grade) binder in N-ethylpyrrolidone (NEP) and vacuum dried Super-P carbon black (60
°C overnight) as conductive additive. The active powder, carbon black and binder were
mixed with a weight ratio of 85:10:5, respectively. The slurry was transferred to a metal
jar containing a metal ball. This was shaken using a Retsch MM400 shaker mill for 30
minutes at a frequency of 25 s~1. Aluminum foil (0.025 mm thickness) was cleaned with
ethanol and used as a current collector. The slurry was tape-casted onto the metal foil with
a metal-bar giving a 100 pm wet film thickness. The cast was dried overnight (60 °C) then
in vacuum (120 °C for 5 hours). The cathodes were cut out in circles with a diameter of
16 mm and weighted. The weight of the Al foil (13.906 mg) was subtracted to calculate
the amount of active cathode material (85 % of the cathode material mass). From all seven
casts, three parallel electrodes was used to make three coin-cells.
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3.3 Cell Assembly

3.3 Cell Assembly

The coin cells were assembled in a Glovebox (MBRAUN UNIlab) with Ar atmosphere
and H>O and O levels > 0.1 ppm. The case, spacer and cap were made of stainless steel
(SUS216L alloy). The cells used (CR2016 Hohsen Coin Cell) were 1.6 mm thick with
a diameter of 20 mm. The battery components and order of assembly are presented in
figure 3.5. First, a plastic gasket was placed inside the lid to ensure hermetic sealing of
the cell. The cathode was then placed with active material facing upwards. Thereafter,
a microporous separator (Celgard 2320) with 20 um thickness was cut out in a 17 mm
diameter circle and placed between the cathode and Li metal anode. The electrolyte (1 M
LiPFg in EC/DEC) was applied with a pipette before (20 uL) and after (20 pL) placing the
separator to ensure complete soaking. The Li metal anode was cut out with a diameter of
14.0 mm from a 0.75 mm thick Li foil (99.9 %, Alfa Aesar). It was brushed to remove
surface oxide layers. The Li metal was then pressed onto a stainless steel space filler
(SUS316L alloy) with a diameter and thickness of 16 mm and 0.3 mm, respectively. This
was placed over the separator with the Li metal facing down. The lid was pressed on top
with a crimping machine. The coin cells rested for at least 12 hours before electrochemical
cycling. [65]

CR2016 Coin Cell
J 1.6 mm
Coin cell Cap
Space filler [0.30mm
Lithium anode |0.75mm

Electrolyte (20pL)

Separator s I 20pm

Electrolyte (20uL)
NMC cathode [100um

Aluminium foil S 16.0mm I 25um

Coin cell Case .‘,

Figure 3.5: All the components used for cell assembly of the CR2016 coin cell are shown in the
correct order. These components are the coin cell cap, space filler, anode, separator, electrolyte,
cathode, current collector and coin cell case. The known diameter and height, or amount of each
component are included.
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3.4 Characterization Methods

34.1 XRD

The XRD measurements were performed on a Bruker D8 DaVinchi Diffractometer using a
Cu Ko radiation source, and a fixed slit size of 0.2. The XRD scan program used was done
from a 26 value of 10° to 75°. The powder samples were prepared by mixing in ethanol
(96 %) and dripping on to a flat silicon (Si) crystal sample holder. Analysis of the obtained
XRD plots was performed using DIFFRAC.EVA software from Bruker. The Rietveld
analysis was performed on DIFFRAC.TOPAS version 5.0 from Bruker. The reference
scans used for matching were found in PDF 2019+ database, and are found in Appendix
table A.1.

342 SEM

The SEM imaging was performed after powder synthesis using a Zeiss Supra 55VP ap-
paratus with a working distance (WD) of ~ 8-10 mm and a Everheart-Thornley Sec-
ondary Electron Detector. The accelerating voltage was 3 kV for the Air_Cl, Air_Aq
Air_CI_HighPLi and Air_Cl_5h powders, and 10 kV for Air_Cl_ambP, Inert_Cl, and In-
ert_Aq powders. The scan time was 20.2 s per image. Powders were scanned at high and
low magnifications (500, 1K, 10K, and 20, 40K or 50K). The software (ImageJ version
1.52a) was used to indicate variations in particle size (VPS) and the average particle size
(APS). Four scales were done on a minimum of randomly selected 50 particles. These
were used as an indication of relative average particle sizes (APS) and particle size distri-
bution (PSD) obtained by the synthesis methods.

343 BET

The surface area of sample Air_Cl, Inert_Cl, Air_C1_5h, Air_Aq and Air_Aq (480 °C) (be-
fore 15 h 850 °C heat-treatment) was calculated by using the nitrogen(N2)-physisorbtion
and the BET theory model. The analysis was done as shown in figure 2.13 excluding the
desorbtion step. First, the samples were degassed to remove adsorbed water overnight at
250 °C in vacuum. The tubes were filled with N2 to reduce the amount of humidity affect-
ing the sample after drying and weighted. The apparatus used for Ny-physisorbtion was
Micromeritics TriStar 3000. The adsorbtion isotherms were detected by adsorbing Ny to
the known sample mass, at liquid nitrogen temperatures (-196 °C). The adsorbed Ny per
sample mass was plotted against the relative pressure of the gas. BET theory modeled the
adsorbed species as multiple layers and the total surface area was calculated assuming a
monolayer coverage. [83] A filling rod was applied for the analysis of Air_Aq (480 °C)
due to a low sample mass (0.0119 g).
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3.4 Characterization Methods

3.4.4 Galvanostatic Cycling

All cells were tested electrochemically through galvanostatic charge/discharge cycling. Li
metal was used as a counter electrode, so the potentials measured were relative to Li/Lit.
All electrochemical tests were done at a computer-controlled Lanhe CT2001A potentio-
stat in room temperature. The principle of these tests was to send a controlled current
through the coin cells while measuring the voltage response. A cutoff voltage lower than
the normal (3.0 - 4.3 V) was chosen to detect the presence or absence of spinel phase trans-
formations. A long-term performance testing was done on all cells to investigate capacity
stability. The long-term cycling performance program was as follows:

* During cycling of the coin cells, the charge/discharge rates (C-rates) varied. 1C was
defined as the current density needed to completely charge/discharge a cell with a
theoretical capacity of 160 mAh/g in 1 hour.

* The cells were cycled between 2.5 V (discharged state) and 4.3 V (charged state).

* A relative low current density of 0.1C (16 mAh/g) was chosen for the first Li* inter-
calation cycle to ensure an effective SEI formation. Thereafter, the current rate was
fixed at 0.2C (32 mAh/g) for 200 cycles.

* The active mass of each cathode was added so its specific capacity was calculated
continuously during testing.

¢ The coin cells are initially in their discharged states, as the cathode is the source of
LiT. Hence, all programs started with an initial charge cycle to extract all Li from
the cathode structure.

345 EIS

Electrochemical impedance measurements (EIS) were tested on charged half-cells using
Biologic VMP3 instrument with the EC-lab V10.40. The cells were first charged poten-
tiostatically by applying 3.5 V until no current was flowing and an equilibrium state was
reached. The frequency range was from 500 kHz to 0.01 Hz with a sinus amplitude of 10
mV.
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Chapter 4

Results

The sequence of results will be in the following format; phase characterization of ac-
tive powders, powder morphology and particle characteristics and electrochemical perfor-
mance of the resulting cathode.

4.1 Phase characterization of active powder

The first two subsections are divided dependent on the atmosphere during the co-precipitation
of the active powder. Starting with air-synthesized powders, different synthesis routes and
parameters are tested due to difficulties in obtaining phase pure NMC111. These impure
powders will be referred to as NMC, whilst pure phased materials will be referred to as
NMCI111. For the inert synthesis, a pure NMC111 phase is obtained, so the focus will be
on the effect of Cl. Lastly, a third subsection will sum up the quantitative results obtained
from the Rietveld analysis’.

4.1.1 Synthesis in air atmosphere

The Rietveld analysis of Air_CI_HighPLi shown in figure 4.1 estimates it to contain a 58.8
% spinel phase. The formation of the spinel phase indicates stochiometric errors, and that
the Li-reaction is incomplete in high pressure conditions at 120 °C. The two other tem-
peratures tested (160 °C and 175 °C) also obtained a spinel phase. Their XRD patterns
(before and after the heat treatment at 850) are seen in figure B.1 in the Appendix B. The
Li that did not react is therefore likely to have been washed out after the hydrothermal
step. Thus, the addition of Li must occur before the filtration step to obtain NMC111.

Since the Li does not react in high pressure conditions, synthesis excluding the hydrother-
mal step (Air_Cl_.ambP) is tested. Interestingly, this results in high amounts of unwanted
secondary phases shown in the XRD spectra in figure 4.2. Most secondary phases are ob-
served prior to heat-treatment, but disappear during the 15 h heat-treatment.
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Figure 4.1: Rietveld refined XRD pattern for synthesis having a high pressure Li-reaction
(Air_CI_HighPLi).
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Figure 4.2: The XRD diffractograms of synthesized samples without a hydrothermal step before
(Air_Cl_ambP (480)) and after (Air_Cl_ambP (850)) the 15 h heat-treatment at 850 °C. The peaks
that neither match with the index or are marked with a cross (x) are referred to as impurity phases.

The secondary phases are mainly between 10-30 26, zoomed in figure 4.3. These match
indexes of multiple Mn-oxidation states including Mn;0,, MnO, and Li,MnO;. Here
on, these will be referred to as secondary phases or impurities. The formation of these
phases indicates that Mn oxidizes not only during the co-precipitation but also after. It is
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4.1 Phase characterization of active powder

now assumed that hydrothermal conditions prevent further oxidation of Mn after the co-
precipitation, and should therefore be included in all further synthesis performed in air.

21,07 Secondary phases
Mn;0,, MnO, and Li,MnO, - -
p— - i | Air_Cl_ambP (ambient pressures) |
|Air_Cl (high pressures) |
£
«©
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Figure 4.3: The XRD diffractograms of the secondary phases found at 26 values between 20-30
for Air_Cl_ambP (green) and Air_Cl (blue). Secondary phases are Mn;O, (green), MnO, (yellow)
and Li,MnO; (red). The peaks that are not identified are referred to as impurity phases or secondary
phases. The index references are found in Appendix A table A.1
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Figure 4.4: The Rietveld refinement of the XRD pattern for the purest NMC phase obtained in air
(Air_Cl).

As seen for the powder (Air_Cl_HighPLi) above, the Li does not fully react during the
hydrothermal step. However, the synthesis of Air_Cl_ambP shows that this step is nec-
essary as it reduces the development of unwanted secondary Mn phases (figure 4.3). To
support this theory, a third route (Air_Cl) investigates the combination of a hydrothermal
step to eliminate the unwanted phases, with the ideal Li reaction in ambient pressures.
Consequently, Air_Cl obtains the NMC111 phase with the highest purity synthesized in
air. Rietveld analysis of the XRD pattern shown in figure 4.4 estimates a cation mixing of
8.7 %. One impurity is detected at 21-22 26 and does not fit in the refinement. This peak
matches that expected from a Li;MnOj3 phase. [88]

The same synthesis as for Air_Cl is performed using Ag-based TM precursors (Air_Aq).
These two have similar impurities shown in 4.5. Thus, the Cl-precursors are not a source of
impurities. After thorough investigation of the spectra’s (003)/(104) peaks and 26 values,
Air_Aq and Air_Cl are estimated to have the approximate same values of cation mixing.

Figure 4.5 also present Air_Cl (480°C) and Air_Aq (480°C) before the 15 h heat-treatment
at 850 °C. The layered NMC111 phase is not obtained until after this complete heat-
treatment. Within the squares are areas that strongly deviate from the layered NMC111
phase. A dominant spinel phase is seen at 480 °C, and undergoes a phase transformation
into a layered material at 850 °C. [89] The extreme impurities formed in the powder syn-
thesized at ambient pressures before the heat-treatment (Air_Cl_ambP (480°C)) no longer
eventuate. Only a small peak is detected around 21 26. This supports the previous theory;
the formation of Mn secondary phases occur both during and after the co-precipitation at
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Figure 4.5: The normalized XRD patterns for powders made in an air synthesis with Cl (Air_Cl)
and without Cl (Air_Aq) before (480°C) and after (850 °C) the 15 h heat-treatment.

ambient pressures. In addition, phases are generated independently of precursors.

A 15 h heat treatment is also needed for obtaining a phase pure NMC111 (Air_Cl). The
powder made with a shorter heat-treatment of 5 h (Air_Cl_5h) shows more impurities. Re-
ferring to figure 4.6, both the 15 h and 5 h heat treatments transform the spinel phased
powder (Air_Cl 480°C) into a layered NMC. However, the impurity phases found in the
Sh heat-treated sample are more dominant. Most are observed at approximately 20-30 26
and recognized as the Li,MnO3; phase. This phase is also found in the Air_Cl_.ambP in
figure 4.3.

4.1.2 Synthesis in inert atmosphere

The Rietveld refinements of the XRD diffractograms obtained from the inert synthesized
active powders (Inert_Cl and Inert_Aq) are shown in figure 4.7. Both powders match the in-
dexes for a preferred layered NMC111 phase. The purity of the favorable NMC111 struc-
ture is reflected in the (006)/(102) and the (108)/(110) reflection pairs. A clear splitting of
these peaks appear from the oxygen sub-lattice, which has a distortion in the c-direction.
[90] The two inert-synthesized powders display a clear splitting as seen in figure 2.7. This
means that an ideal a-NaFeQO; structure with a space group of R3m has been produced.
(22]
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Figure 4.6: The normalized XRD patterns for powders synthesized in air using Cl precursors. The
purple pattern (Air_Cl 480) shows the powder after the heat treatment at 480 °C. The blue (Air_Cl
15 h) and yellow (Air_Cl 5 h) represents the powders after 15 h and 5 h heat-treatmentt at 850°C,
respectively. The impurity peak (x) at 21 26 matches an index expected for a Li,MnOj3 phase. [88]

4.1.3 Quantitative phase characteristics

The Rietveld analysis’ are performed on the powders with the least amount of secondary
phases. All of the Rietveld refinements show a good agreement between the observed and
calculated XRD patterns. The four Rieveld refinements from above are used to calculate
information in table 4.1. The amount of Ni** in the Li*-layers are found to be 2.4 % and 7.8
% for Inert_Cl and Inert_Aq, respectively. The quantitative data in table 4.1 also shows that
these inert synthesized powders have a lower cation mixing relative to the Air_Cl made in
air (8.7 %). This is due to the secondary phases that form when Mn oxidizes in air. Also,
from table 4.1, Inert_Cl has smaller lattice parameters (a and c) in the unit cell, but has a
four times larger crystal size relative to that using Aq-based precursors (Inert_Aq).

The unit cell volume for a typical NMC111 crystal is 100.6 A3, thus the Inert_Aq has the
cell volume closest to the desired value (100.87 A3). The Air_Cl_HighPLi has a larger unit
cell volume (103.1 A3) and is closer to the value expected of a LiNiO, material (102.3
A3). The high cell volumes seen in the spinel phased Air_Cl_HighPLi are in accordance
with the LiMn, Oy structures, as these typically have a larger unit cell volume. [45, 91] The
Air_Cl (99.98 A?) and Inert_Cl (99.76 A®) has unit cells smaller than that of a NMC111
phased structure and is more similar to that expected of a LiCoO, structure. [45]

4.2 Powder morphology and particle characteristics

The following section shows the morphology and particle size of samples from SEM anal-
ysis. This is then divided into categories depending on the type of precursors and heat-
treatment used. Next follows the BET surface area of the powders. Low magnification
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Figure 4.7: The Rietveld refinements of phase pure NMC111 powders synthesized in an inert atmo-
sphere with a) Cl-precursors (Inert_Cl) and b) pure Aq-based precursors (Inert_Aq).
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Table 4.1: The crystal size [nm], lattice parameters [A], cell volume [A®], Rwp [%] and cation
mixing [%] from the Rietveld refinements presented above. This includes Air_Cl_HighPLi, Air_Cl,
Inert_Aq and Inert_Cl powders. Uncertainties are shown in (brackets).

Sample a c Cell Volume Crystalsize Rwp NiinLi
[A] [A] [A%] [nm] [%]  layer [%]

Air CI_HighPLi  2.8966(2) 14.191(2) 103.1(2) - 13.96 -

Air_Cl 2.84943(13)  14.2198(15)  99.99(14) 114.0(8) 713 8.7

Inert_Cl 2.8511(3) 14.1712(3)  99.76(3) 413.3(30) 333 24

Inert_Aq 2.8608(9) 14.2318(11)  100.87(10) 100.6(4) 541 78

SEM for the air-synthesized powders showed similar results; these will be represented
by one common figure. However, all high magnification SEM images used to determine
particle size and shape are represented.

4.2.1 Morphology and particle size

The average particle size (APS), particle size distribution (PSD), and particle shape esti-
mated from SEM images are presented in table 4.2. The shape of particles are defined
according to its sphericity, roundness and angularity. Those with a high angularity may
also be referred to as single-crystals. The table used for shape classification is attached in
Appendix A in figure A.1. [73, 92]

Table 4.2: The estimated average particle size (APS) and particle size distribution (PSD). The par-
ticle shape is described in terms of angularity vs. roundness, and the degree of sphericity. The
measurements below are estimated and are only applicable when compared against each other. Im-
age J software is used to obtain this information from the SEM images.

Sample PSD [nm] APS [nm] Angularity Sphericity
Inert_Cl1 200 - 500 400 Sub-angular low
Inert_Aq 100 - 200 200 Sub-round low
Air_Cl 200 - 500 400 Angular high
Air_Aq 100 - 200 200 Sub-round high
Air_Aq (480°C)  50-100 100 Angular low
Air_CI_HighPLi 200 - 500 400 Angular high
Air_Cl_5h 50 -400 200 Angular high
Air_Cl.ambP 200 - 500 400 Sub-angular low

The influence of precursors and atmosphere

The influence of precursors is investigated by comparing Inert_Cl with Inert_Aq, and
Air_Cl with Air_Aq. The two former and the two latter have identical synthesis methods
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4.2 Powder morphology and particle characteristics

with the only variable being the precursor. The precursors are clearly affecting the mor-
phology and particle growth. The Cl-precursors obtained a PSD of approximately 200-500
nm and a APS of 400 nm. This is higher than those using purly Ag-based precursors with
a PSD of 100-200 nm and an APS of 200 nm. Powders using Cl-precursors also generally
show a higher degree of angularity. This is shown by comparing the SEM of the Inert_Cl
with the Inert_Aq in figure 4.8 and by comparing Air_Cl (figure 4.9a) with Air_Aq (figure
4.10). The particle shapes are described in table 4.2.

!"‘b‘ "" d

A T S P

Figure 4.8: The SEM images for the powders synthesized in inert an atmosphere with and without
Cl. The sample without Cl-precursors (Inert_Aq) are represented in the left column with increas-
ing magnification (A, B and C, respectively). The right column shows the powder produced with
Cl-precursors (Inert_Cl), with an increasing magnification (D, E and F, respectively). The arrows
illustrate the diameter of a particle, and how the APS is measured.
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How the atmosphere influences the morphology and the particle size is shown by compar-
ing Inert_CI with Air_CI and Inert_Aq with Air_Aq. The results reveal that the atmosphere
does not affect the APS and the PSD. However, the presence of an inert atmosphere will to
some extent decrease the particles sphericity and angularity. The powder synthesized at an
ambient pressure (figure 4.9d) has a less distinct angular shape and less spherical particles
than those using hydrothermal conditions (figure 4.9a, 4.9b and 4.9c).
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4.2 Powder morphology and particle characteristics

(c) Air_Cl_HighPLi (d) Air_Cl_.ambP

Figure 4.9: The SEM of air-synthesized powders with a) CI precursors, high-pressure conditions and
a 15 h heat-treatment (Air_Cl), b) a 5 h heat-treatment (Air_C1_5h), ¢) with high pressures during Li-
reaction (Air_Cl_HighPLi), and d) synthesis in ambient pressures (Air-Cl_ambP). It is important to
notice that the scale bars are not comparable. All samples showed similar low-similar images as the
one shown in a) image B.
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4.2 Powder morphology and particle characteristics

The influence of heat-treatment

The sample with a short heat treatment (15 h) at 850 °C in figure 4.9b has small particles
of around 20 nm, that are aggregated in large spheres of 500 nm. Figure 4.10 shows the
powder before and after the 15 h heat-treatment at 850 °C for synthesis in air without CI
(Air_Aq). First, the particles have a low sphericity and high porosity (seen in B, figure
4.10a). During the 850 °C heat-treatment, these are transformed into round particles with
a high sphericity. Also, the APS increases from approximately 100 nm to 200 nm while
the PSD increases from being relatively narrow at ~ 50 - 100 nm to ~ 100 - 200 nm.

. .

(a) Air_Aq (480 °C) (b) Air_Aq (850 °C)

Figure 4.10: All images represent the Air_Aq, made with standard Aq-based TM precursors in air.
The images in column a) are taken after the 6 h heat-treatment at 480 °C. Column b) represent the
Air_Aq after a 15 h heat-treatment at 850 °C. Images with a low (A and C) and high (B and D)
magnification are shown. Image B shows particles with high porosity.
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4.3 Electrochemical performance

4.2.2 Surface area

The surface areas (m?/g) are calculated by utilizing the BET theory model. All sam-
ples with NMC phases are shown in table 4.3. This includes Inert_Cl, Inert_Aq, Air_Cl,
Air_CI_5h, and Air_Aq. The Air_Aq before the 15 h heat-treatment at 850 °C (Air_Aq
(480°Q)) is also presented.

The results in table 4.3, show that the BET surface area of Inert_Cl (1.1552 m?/g) and
Air_Cl (2.0263 m?/g), is lower than Inert_Aq (4.5790 m?/g) and Air_Aq (2.5667 m?/g),
respectively. Thus, samples made in the presence of Cl have a lower BET surface area
than those using Ag-based precursors. The BET surface area of Air_Aq is reduced from
23.8778 m?/g to 2.5667 m?/g during the 15 h heat-treatment at 850 °C. All BET surface
areas are inversely proportional to the APS values estimated from the SEM data. Air_Cl_5h
is an exception, having a low APS (200 nm) and a low surface area (0.6443 m?/g).

Table 4.3: The surface area (m?/g) is calculated by utilizing the BET theory model for sample
Inert_Cl, Inert_Aq, Air_Cl, Air_CI_5h, Air_Aq and Air_Aq (480 °C).

Sample Surface area [m?/g] Margin of error [m?/g]
Inert_Cl 1.16 +0.03
Inert_Aq 4.58 + 0.04
Air_Cl 2.03 +0.02
Air_Aq 2.57 + 0.03
Air_Aq (480°C) 23.88 + 0.38
Air_Cl_5h 0.64 £ 0.01
Air_Cl.ambP 2.01 +0.03

4.3 Electrochemical performance

To get an overview of the data in this section, the discharge capacities for all synthesis
routes are presented in table 4.4. The three parallel coin cells for each synthesis are rep-
resented by coin cell 1 due to similarities; this is true for the synthesis’ above the line in
table 4.4. The charge/discharge data of coin cell 2 and 3 which deviate from coin cell 1 are
marked(*) and are supplied in the Appendix. The data with complete cell failure for all
three parallels (Air_C1_HighPLi) is given in the Appendix B as coin cell 1. Both Inert_Cl
and Inert_Aq have one parallel synthesis. These (Inert_CI2 and Inert_Aq2) Coin cell 1
from each of these are found in the Appendix B in figure B.3 and B.2, respectively.
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4.3 Electrochemical performance

Table 4.4: All assembled coin cells are described below. The loading of active material [mg] per
electrode, and the discharge capacities (DisCap [mAh/g]) from cycle 1-50 are shown. Coin cell 1 is
the representative for all three coin cells. Samples marked (*) will be found in the Appendix. The
cells that short circuit before completing their first charge are marked ”No activity”.

Synthesis Coin cell Active material [mg] DisCap [mAh/g]
name (Cycle 1-50)
Air_Cl 1 3.3640 86-75

2 3.3889 89-64

3 3.5310 84-71
Air_Aq 1 3.2240 85-37

2% 4.5945 Fail 26th cycle

3 4.5328 No activity
Air_Cl.ambP 1 44210 46-39

2 4.4102 No activity

3 4.5045 No activity
Air_Cl_5h 1 80-37

2 3.9512 76-29

3 4.5066 No activity
Air_Cl_HighPLi 3.9411 129-83
Inert_Cl 1 2.1552 143-132

2 2.4375 142-130

3* 2.0940 134-106
Inert_Aq 1 2.6924 133-97

2 2.6977 133-90

3 2.6921 130-94
Inert_Cl1.2 1* 3.6992 144-119

2 3.8131 142-115

3 2.973 140-129
Inert_Aq.2 1* 4.2279 140-111

2 44310 141-110

3 4.3011 139-107
Air_Aq_HighPLi 1* 4.2279 Fail 3rd cycle

2 44214 Fail 2nd cycle

3 4.6531 No activity

4.3.1 Air-synthesized active cathode materials

The figures 4.11, 4.12 and 4.13 illustrate the galvanostatic cycling data from the five
samples syntesized in air (Air_Cl, Air_Aq, Air_C1_5h, Air_CI_HighPLi and Air_Cl_ambP).
None of these obtained a phase pure NMC111 and all exhibited a low initial specific ca-
pacity relative to that expected of NMC111 at 0.1 C (16 mA/g). [48] The coin cell made
of the Air_Cl powder has the highest stability of those synthesized in air as displayed in
figure 4.11. It has a minimal polarization in the charge and discharge cycles, and has a
specific initial discharge capacity of 86 mAh/g. After 50 cycles, the discharge capacity
drops to 75 mAh/g.

Figure 4.12b shows the galvanostatic cycling data of Air_Cl_5h, which is heat-treated for
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4.3 Electrochemical performance

5 h. It has a low initial capacity that declines rapidly after the first cycle. The typical shape
of an NMC discharge curve loses its integrity at cycle 5 before it disappears completely
after cycle 50. The same is shown for sample Air_Aq after cycle 10 in figure 4.12a. This
steep slope appears when no TMs are oxidizing to generate current.

~40
=
t
— Cycle 1
g 3.5 —— Cycle 2
Cycle 5
a —— Cycle 10
) —— Cycle 50
S 30
3 >
>
2.5
0 20 40 60 80 100

Specific capacity (mAh/g)

Figure 4.11: A charge/discharge plot of the impure NMC powder synthesized in air using CI-
precursors, a hydrothermal step (before the Li-addition) and a 15 h heat-treatment (Air-Cl), The
specific capacity [mAh/g] is plotted against voltage (V vs Li/Li™) for cycle 1 at 0.1C and cycle 2, 5,
10 and 50 at 0.2C.

Figure 4.13a of Air_CI_HighPLi has an initial discharge capacity of 129 mAh/g. After 100
cycles the discharge capacity drops to 83 mAh/g, with a small voltage drop. This displays
a classical spinel-shaped charge/discharge plot. Due to the plateau in the discharge curve
below 3 'V, the practical discharge capacity will be 80 mAh/g. In the area ~ 3.9 -4.2'V,
there are two additional plateaus. These correspond to the two 8a tetragonal sites that Li*
will (de)intercalate with in the Li,Mn,0Oy structure for x < 1. [93] The charge capacity
drops rapidly between cycle 2-50 and has a broad plateau near 3 V with respect to cycles
50-100.

The galvanostatic cycling data of the Air_Cl.ambP synthesized at ambient pressures is
shown in figure 4.13b. It has a relatively low initial discharge capacity (46 mAh/g) and a
small capacity drop (6 mAh/g) over 50 cycles.

All cells show a voltage increase and decrease over multiple charge and discharge cycles,
respectively. The galvanostatic cycling tests were also used to find the change in coulom-
bic efficiency and specific capacity over 80 cycles. This is seen in figure 4.14. [89] The
initial cycle exhibits the highest specific capacity and the lowest coulombic efficiencys; this
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4.3 Electrochemical performance
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Figure 4.12: Charge/discharge plot of cells using active material synthesized with different condi-
tions relative to that of Air_Cl. The changes are a) pure Ag-based precursors (Aq-Air) and b) a 5 h
heat-treatment (Air_C1_5h). The specific capacity [mAh/g] is plotted against voltage (V vs Li/Li
for cycle 1 at 0.1C and cycle 2, 5, 10, 50, 100 and 150 at 0.2C.
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Figure 4.13: A charge/discharge plot of cells using active material synthesized with different con-
ditions relative to that of Air_Cl. The changes are a) high pressures (Li-Cl_HighPLi) and b) ambient
pressures (Air_Cl_ambP) during the Li-reaction. Specific capacity [mAh/g] is plotted against voltage
(V vs Li/LiT) for cycle 1 at 0.1C and cycle 2, 5, 10, 50, 100 and 150 at 0.2C.
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4.3 Electrochemical performance

is true for all coin cells. The coulombic efficiency of Air_Cl_ambP is shown in purple in
figure 4.14. The first cycle shows a coulombic efficiency as low as 70 %, but increases
up to ~ 96 % in the 6th cycle, before it stabilizes at 98 % after ~ 20 cycles. A deviating
factor is found for the Air_CI_5h; the columbic efficiency fluctuates dramatically between
cycles. The average coulombic efficiency is low (56.4 %) and indicates the presence side
reactions that are consuming Li. This instability is reflected in the low specific capacity
(orange circles). The capacity retention of Air_Cl is highest, being 82 % after 80 cycles.
Air_Cl_ambP (green circles) has the highest stability with the lowest initial capacity. The
spinel-phased Air_Cl_HighPLi has the highest average capacity of the impure powders
when cycling between 2.5 and 4.3 V.
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Figure 4.14: The data are obtained from cells using air-synthesized impure NMC and spinel powders
as active cathode materials. The circles and triangles are plotted relative to the right (specific capacity
[mAh/g]) and the left (coulombic efficiency [%]) y-axis’, respectively. The strongly fluctuating data
has a smaller marker (Air_CI_5h). The capacity retention [%] after the 80th cycle is included (black
boxes).

4.3.2 Inert-synthesized NMC111 cathode material

Figure 4.15 displays the galvanostatic cycling plots of the pure NMC111 powders made in
inert atmospheres. With an initial discharge capacity of 143 mAh/g between 2.5 and 4.3
V, the powder made in the presence of Cl (Inert_CI) holds the best cycling performance of
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4.3 Electrochemical performance

all cells. Furthermore, the voltage plateau drops for each discharge and charge cycle. This
is due to a polarization taking place during cycling, which creates an increasing overpo-
tential. A higher polarization, hence overpotential, are seen for Inert_Aq.

Cycle 1, 2 and 50 from the galvanostatic cycling data for inert-synthesized powders (figure
4.15) is shown in a dQ/dV-plot in figure 4.16. This plot shows the voltages at which
the redox reactions occur. For Inert_Aq (figure 4.16a), the peak height of cycle 50 is
reduced to almost half of the initial cycle. Also, during the charge and discharge cycles,
there is a respective peak-shift to higher and lower potentials. The area under the graph
represents the specific capacity, which falls continuously with an increasing cycle number.
The charge and discharge curve for Inert_Aq are not symmetrical and the main peaks are
found at voltages 3.8 V and 3.7 V, respectively. Due to this mismatch, the redox reactions
are not fully reversible. The Inert_CI cell (figure 4.16b) mostly shows the same trends as
Inert_Aq, however, these are weaker and thus indicates more reversible redox reactions.
The highest peak is found at 3.7 V for all cycles during charge and discharge. The charge
curves show a small shift towards 3.9 V after 50 cycles.
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Figure 4.15: A charge/discharge plot for coin cells using pure NMC111 powders synthesized in
an inert atmosphere using a) standard Ag-based precursors and b) Cl-precursors. These show the
specific capacity and voltage drop for cycle 1 at 0.1C and cycle 2, 5, 10 and 50 at 0.2C.
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Figure 4.16: The dQ/dV-plot of cycle 1, 2 and 50 for cells using the active powders a) Inert_Cl and
b) Inert_Cl.
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4.3 Electrochemical performance

The coulombic efficiency (triangles) in figure 4.17 for cells using inert-synthesized NMC111
is on average ~ 99.3 %. Consequently, there are no major side reactions present. However,
for the first two cycles, the coulombic efficiency is between ~ 88-95 %, which indicates
a shortage of Li available for cycling. [47] The specific capacity is also relatively stable
over 80 cycles, with a capacity retention of 76% and 70 % for Inert_Cl and Inert_Aq, re-
spectively.
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Figure 4.17: The data from cells using inert-synthesized pure NMC111 powders as active cathode
materials. Red markers are with Cl-precursors whereas blue is without Cl. The circles and triangles
are plotted relative to the left (specific capacity [mAh/g]) and right (coulombic efficiency [%]) y-
axis’, respectively. The capacity retention [%] after the 80th cycle is included (black boxes).
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4.3 Electrochemical performance

Cell resistance

The EIS testing (figure 4.18) is performed on cells with the highest phase purity of NMC111
and with the best cycling performance (Inert_CI and Inert_Aq). The pre-charge step (figure
4.18b) of Inert_Cl and Inert_Aq display similar charge capacities of 159.4 mAh/g and156.1
mAbh/g, respectively. The pre-charging of Inert_Aq starts at lower voltages than Inert_CI.
However, it has a steeper positive gradient during charge and eventually ends at higher
voltages. The data from the EIS measurements are plotted in figure 4.18a. It shows the
typical Nyquist plot for the two cells at 25 °C and ~ 3.4 V. The curving of the plot exhibits
a loop followed by a tail (Warburg element) which corresponds to the typical Randall cir-
cuit mentioned in Chapter 2. The EIS is intended for a relativity measurement between the
two samples, and therefore no attempts have been made to find an equivalent circuit fit.
Overall, the half circle of Inert_Cl in the Nyquist plot are smaller due to lower resistance.
The cathode charge transfer resistance are smaller for Inert_Cl (333.4 ) than for Inert_Aq
(410.3 Q). [94] The ohmic resistances measured at high frequencies are approximately
equal for the two cells, being slightly lager for Inert_Cl (24.8 Q) than for Inert_Aq (22.3
). Linear regression of the two Warburg elements at low frequencies shows that these are
slopes with the approximate same values.
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Figure 4.18: The data from EIS analysis of the Inert_Cl and Inert_Aq half-cells show a) the Nyquist
plot from the EIS measurements, and b) the potentiostatic pre-charging step.
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4.3.3 Summary of results

The analysis performed on each of the seven samples, and their main results are repre-
sented in a flow chart in figure 4.19.
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Figure 4.19: The figure illustrates the analysis techniques preformed on all samples, with main
results. Cycling data is reported in mAh/g. The colored boxes represent the different performances,
and is validated relative to values expected from other literature. A gray box framed in colors means
that the performance is validated relative to another sample.
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Chapter 5

Discussion

This chapter addresses the electrochemical characterization of the assembled batteries in
terms of the synthesized cathode material. The first section evaluates the inert-synthesized
NMCI111 as a cathode material in rechargeable LIBs batteries focusing on the effect of
TM-precursors. Secondly, the synthesis process in air will be examined, with a particular
interest in the aspects causing an impure NMC111. Both sections relate the extrinsic and
intrinsic powder properties to their electrochemical performance. Thereafter, the evalua-
tion of errors and the suggested future work will be evaluated. First off, trends found in
the results are summarized as follows:

* Particle size:
Air_Cl ~ Inert_Cl (400 nm) > Inert_Aq ~ Air_Aq (200 nm)

* Surface area:
Air_Cl_ambP > Inert_Aq > Air_Aq > Air_Cl > Inert_Cl > Air_Cl_5h

¢ Crystal size [nm]:
Inert_CI (413.3) > Air_Cl (114.0) > Inert_Aq (100.6)

* Cation mixing [ %]:
Air_Cl_ambP > Air_Cl_5h > Air_.Aq ~ Air_ClI (8.7 %) > Inert_Aq (7.8 %) > Inert_Cl (2.4
%)

* Initial discharge capacity [mAh/g]:
Inert_Cl (143) > Inert-Aq (133) > Air_Cl_HighPLi (129) > Air_Cl (86) Air-Aq (85) >
Air_C1_5h (80) > Air_Cl_ambP (46)

* Capacity retention after cycle 80[ % ]:
Air_Cl1 (82 %) > Inert_Cl = Air_Cl.ambP (76 %) > Inert_CI (70 %) > Air_Cl_HighPLi (68
%) > Air.C1_5h (40 %)

* Initial coulombic efficiency [%];
Air_CI_HighPLi (90.0 %) > Inert_Cl (88.8 %) > Inert_Aq (87.7 %) > Air_Cl (83.6 %) >
Air_Cl_ambP (69.6 %) > Air_CI_5h (69.5 %)

59



5.1 Co-precipitation in inert atmospheres

All batteries have some common features from the galvanostatic cycling data shown in
the results chapter. One of the clearest trends are the increasing overpotentials seen over
multiple cycles. Here, a higher voltage is required for the same amount of Li to intercalate
the structure and provide a constant current. This leads to polarization and is seen as an
increased overpotential (shaded blue and orange) in figure 5.1. At higher cycle numbers,
the cutoff voltage might be reached before enough Li intercalate, which will cause a ca-
pacity loss, and a lower capacity retention.
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Figure 5.1: The galvanostatic cycling data of cycle 1 and 50 for Inert_Aq and Inert_Cl, with emphasis
on the overpotentials developed. The charge and discharge directions are annotate in the figure.

Another trend, is the large capacity drop after the first cycle. From figure 4.14 and 4.17
there is also a low coulombic efficiency during the first cycles. These two phenomena are
connected and are caused by an interphase formation on the cathode electrode interface
(CED). [35, 54-57] The coulombic efficiency is related to the loss of Li during a cycle,
and is therefore used to detect the presence of major side reactions. From figure 4.14, all
batteries seem to form a stable layer after about the 5th cycle. This is seen as a stabile
coulombic efficiency, with Air_CI_5h being an exception.

5.1 Co-precipitation in inert atmospheres

Relative to other reports with co-precipitation reactions, the inert synthesized NMC111
(Inert_ClI and Inert_Aq) has a low capacity retention and initial discharge capacitiy (figure
5.1). For example, NMC111 powders synthesized through a traditional co-precipitation in
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5.1 Co-precipitation in inert atmospheres

inert atmosphere is earlier reported to obtain an initial discharge capacity of 167 mAh/g
between 3 and 4.3 V at 0.1 C. [66]. Since the cutoff voltage used here is lower (2.5 V),
one should expect higher capacities for Inert_Cl and Inert_ Aq. The above-mentioned re-
port [66] explained the high electrochemical performance being a result of the powders
morphological qualities giving high tap-densities. High tap-densities are obtained with
a uniform distribution of spherical powders and is reported as a key factor for not only
high capacities but also for the mass production of NMCI111. [48, 66, 67]. Seen from
SEM, such morphological characteristics giving high tap densities are not obtained in this
research, and may contribute to the low initial discharge capacity. The initial coulombic
efficiency of 88.8 % is comparable to other NMC materials that were also obtained through
co-precipitation methods. This indicates predictable CEI formations. [90]

From the XRD in figure 4.5, one can clearly see that the Cl does not encourage the oxida-
tion of Mn and promote the formation of Mn-oxide phases as suggested by Nicholas. [71].
This is also seen when comparing a) (Inert_Cl) and b) (Inert_Aq) in figure 4.7 where both
match the R3m space group of NMC111 with no secondary phases. [90] Thorough inves-
tigation of the differences between Inert_Cl and Inert_Aq, reflect the effect of Cl. Shown
in figure 5.1, Inert_ClI has an initial discharge capacity (143 mAh/g) and capacity retention
(76 %) relatively high compared to Inert_Aq made from Aqg-based TM precursors (133
mAh/g and 70 %). The precipitation test using Ag(NO3), revealed that no trace of C1~
is left in the waste water. Thus, the different performances are an indirect result of the
presence of C1™ during the co-precipitation reaction. Active NMC111 powders made in
the presence of C1~ have less cation mixing and larger particle sizes. The resulting coin
cells show a lower resistance and better cycling performance. It is unlikely to assume that
Cl1 has contributed to the reduction of cation mixing. These values may, however, be ex-
plained by the high degree of washing before adding LiNOs3. The additional washing and
sieving steps will remove impurities caused by the filtration paper, and any other chemi-
cal contamination in the solution. This ensures more accurate stochiometriy between the
co-precipitated hydroxide phase and Li.

5.1.1 Cation mixing

The difference between the peaks (003)/(104) imply a higher degree of cation mixing for
Inert_Aq than for Inert_Cl. The phenomenon of cation mixing is shown in figure 2.9. [40]
The Rietveld refinements of the XRD patterns from the Inert_CI and Inert_Aq powders are
estimated to be at an amount of 2.4 % and 7.8 % Ni>* in Li*-layers, respectively. Xiaoyu
Zhang et. al. [60] reports that a cation mixing below 2 % does not affect the electrochem-
ical performance for NMCI111. Since all samples have larger values, this may contribute
to why no cells reach the above mentioned expected capacity for NMC111.

Inert_Aq has a cation mixing almost four times the preferred limit for NMCI111 (2 %).
This may be the reason for a low cycling performance of Inert_Aq relative to that of In-
ert_Cl. Most research agree with the trends in this report, where a high cation mixing
contributes to a lower diffusivity of Li. This gives a lower electrochemical performance.
With a low diffusivity, Li will not have time to completely intercalate the cathode structure
during discharge, or deintercalate during charge, before reaching the cutoff voltage. This
drives up the overpotentials, and reduces the battery capacity causing a declining capacity
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retention after 80 cycles (70 %) for Inert_Aq in figure 4.14. Restrictions of Li diffusivity
is a phenomenon that is better seen at higher cycling rates. A rate capability test is there-
fore beneficial in order to reveal more information about how the cation mixing affects
the electrochemical performance of the half-cells. [90] On the contrary, Roscian ez. al.
[95] reported that ~ 4 % Ni** in the Li" interlayer stabilized the structure. This prevented
NMC111 from undergoing any phase transitions when deeply delithiated (at 4.5 V). [95]

5.1.2 Morphological characteristics

As the cation mixing in Inert_Cl is only 0.4 % above the preferred value, its low capac-
ity retention at 76 % is likely to be related to other phenomena such as morphology and
particle size. The BET surface areas from table 4.3 decreases for powders synthesized
with Cl-precursors. This is in agreement with the increasing APS reported from the SEM
results in table 4.2. This trend is shown for both air and inert synthesized powders, and is
therefore independent of the atmosphere. The presence of Cl1~ during the co-precipitation
clearly increases the rate of particle growth, and the nitrate anions (NO3 ™) have less of
an impact on the various growth steps. Hu et. al. [96] found similar trends where anions
in the solution enhances the coarsening kinetics. NO3 ™ are present in higher concentra-
tions in the Ag-based TM solutions, but researchers reports NO3~ to have a lower impact
compared to other anions such as sulphate (SO, ™) [72]. This also substantiates the theory
about C1~ being the anionic species present that enhances growth.

In fact, the differences in particle size could be a feasible explanation for the different elec-
trochemcical behaviors. The capacity is earlier reported to increase with smaller particles
due to more accessible active material and enhanced Li-diffusion. [90] This is inconsis-
tent with findings for the inert-synthesized samples reported here. Figure 4.19 reveals that
larger particles give the highest capacity retention. Hanafusa er. al. [97] and Grugenon
et. al. [98], reports that a high specific surface area, hence a small APS, will enlarge
the formation of metal-electrolyte interphases and increase the capacity fading. However,
this will also accelerate the solvent degradation process and induce side reactions. Conse-
quently, interphases with poor electronic conductivity and less contact between the grains
are formed. As experimentally observed in figure 5.1, a lower capacity fading will be fa-
vored by larger particles (400 nm).

There are also uncertainties regarding the engineering of the electrode. The ratio between
the active material, the binder, and the conducting material should be carefully considered.
The binder (PVDF) is an insulator, and will therefore have a strong influence on the elec-
trochemical performance. The amount of binder is not optimized for the varying particle
size and surface area of the active powders, as all coin cells share the same ratio. However,
particles with a higher surface area may require more binder.

Li et. al. [99] synthesized NMC811 with Cl-precursors and obtained a particle size (200
nm) half of that obtained here (400 nm). The report used Cl powders dissolved in water,
instead of HCI, and thus had a lower concentration of Cl. Therefore, the particles discussed
in their report may not grow to the same extent. There are, however, some uncertainties to
this reasoning as the aforementioned report also used shorter heat-treatments. This is also
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known to reduce the particle growth. [100] In addition, the active material showed a better
initial discharge capacity (184 mAh/g). The smaller particles alone are not likely to cause
such a high electrochemical performance. A more probable cause is the higher content of
Ni (NMC811), being the electrochemical active species, together with a low cation mixing
(1.2 %) being half of that reported here (2.4 %).

5.1.3 Structure stability

All lattice parameters calculated in the Rietveld analysis from table 4.1 are in accordance
with the XRD lattice refinements reported by Ohzuku and Yabuuchi [45]. This confirms
the composition of the pristine material of NMC111. Yin et. al. [41] and Jung [47] reports
that NMC111 with a R3m symmetry remain stable throughout the cycling up to 4.4 V.
They report that the delithiation during charge is kept below 70 %, and a small volume
expansion of 1% is detected. Since a lower cutoff voltage (4.3 V) is used here, phase
transformations is unlikely to be the reason for the decreasing electrochemical perfor-
mance during cycling. This is, however, only true for the cells using pure phase NMC111
as active cathode material (Inert_Cl and Inert_Aq).

On the other hand, these materials are likely to experience changes in the lattice during
cycling. Such structure changes might be contributing to the large resistances registered
using the EIS measurements of the Inert_Aq and Inert_Cl (figure 4.18a). [101] Small lattice
expansions in the c-direction and contractions in the a-direction are the largest structure
changes for layered LiMO, materials being charged to 4.2 V. [102] Wang and co-workers
[102] explains it as follows, using LiNiO, as an example: As Li is removed from the
cathode, the oxidation state of Ni increases. This causes a decrease in the ionic radii and
will shrink the edge-sharing NiOg layers along the a-axis. The layers will simultaneously
become more positively charged and expel each other along the c-axis. Although all re-
ports classify these lattice structure changes as reversible [41, 45, 102], such changes in
the local structures during cycling, as well as changes in the particle morphology, have
been reported to indirectly affect the reversibility by introducing higher resistance during
charging. [101]

5.1.4 Cell resistance

The resistance measured by EIS for a charged coin cell using Inert_Aq and Inert_Cl ac-
tive powders are shown in figure 4.18a. Sabet and Sauer reported in 2019 [94] that the
low frequencies in the impedance spectra are assigned to the cathodes charge transfer re-
sistance. From figure 4.18a, the charge transfer in Inert_Aq (410.3 ) is slower than in
Inert_Cl (333.4 2). The cation mixing slows down the charge transfer and Li diffusion.
These values may therefore be recognized in the higher degree of cation mixing and the
lower capacity retention of Inert_Aq (70 %) compared to that of Inert_Cl (76 %). The
Inert_Aq shows a higher resistance overall, but the slopes of their Warburg elements are
approximately equal; this represents the diffusion coefficients of Inert_Aq and Inert_Cl.
This eludes to similar characteristics of the diffusion layers of the electrode surfaces.
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In addition, the Inert_Aq active material also shows higher overpotentials during the gal-
vanostatic cycling (figure 4.15a). The battery resistance is likely to cause these dominant
overpotentials. Due to charging the Inert_Aq battery when it has a high resistance, a higher
potential is needed to extract Li* out of the cathode structure to provide the current output
set for the galvanostatic cycling. This is seen as an increasing charging plateau for In-
ert_Aq called an overpotential as seen in figure 5.1. The discharge follows the same trend,
only with discharge plateaus. The correlation between Inert_Aq’s large resistance (figure
4.18a) and high overpotentials (figure 4.15a) provide strong evidence that the charge trans-
fer kinetics are a more probable cause for the low electrochemical performances than the
previous mentioned lattice instabilities.

The resistance does not only affect the capacity retention and overpotentials, but it also
affects the reversibility of the redox reaction. The resistance is not continuously measured
throughout the battery cycling, however, predictions of how the resistance develops during
cycling can be made from the dQ/dV-plots (figure 4.16) and the corresponding galvano-
static data (figure 4.15). A rapidly decreasing capacity and a more irreversible reaction
indicates that the resistance increases in both Inert_Aq and Inert_Cl with the cycling num-
ber. However, redox reactions are clearly more reversible for Inert_Cl. The reveribility of
redox reactions account for better stability, which is also recognized in the higher capacity
retention of Inert_Cl.

From the dQ/dV-plots in figure 4.16 both Inert_Aq and Inert_Cl have their main peak in the
voltage-range expected for Ni- and Co-redox activity. This complies with the theory from
figure 2.15 (3.5 - 4.0 V). Thus, the main current measured must arise from these redox
species. [84] A certain amount of the reversible capacity will also be obtained from the
oxygen reactions due to the high (4.3 V) and low (2.5) cutoff voltages during charge and
discharge, respectively.

5.2 Co-precipitation reactions in air atmosphere

As described in the results section, the cation mixing and particle sizes vary with the
presence of Cl. Three phenomena gave variations in the phase purity of the active powders.
These being the presence of air during the co-precipitation, the pressure conditions during
the Li-reaction, and the duration of the heat-treatment. Here, the electrochemical activity
of the powders will be related to these variations and compared to other literature.

5.2.1 Morphology and particle size

It is clear that the powders synthesized in air (figure 4.9) have more distinct spherical
shapes relative to the powders from traditional inert synthesis routes (figure 4.8). This ex-
act sphericity and angularity of powders from air-synthesis using ClI (Air_Cl, Air_Cl_HighPLi
and Air_Cl_5h) are recognized in other literature as single-crystal NMC particles [75], and
are shown in figure 2.11. This suggests that the presence of Cl in the solution before nu-
cleation promote the formation of more spherical single crystals. The crystal size of the
Inert_Cl (413.3 nm) found in table 4.1, is in accordance with the particle size estimated
in SEM (400 nm). This also indicates the formation of single-crystals. For Inert_Aq, the
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Figure 5.2: A comparison of the XRD patters for all active powders synthesized in the presence
of Cl. No phase pure NMC111 is obtained for air-synthesized samples. The cross (x) show the
secondary phases and impurities that deviate from a pure phased NMC111. Purple coloured (X)
indicate the characteristic peaks of an spinel phased material in Air_Cl_HighPLi.

crystal size from XRD measurements are around 100 nm, whereas the APS are estimated
to be twice the size (200 nm). This is not necessarily explained as polycrystalline materi-
als as the XRD detect an average size and might have measured larger amounts of small
particles which is easily overlooked in the SEM estimations of APS.

As mentioned, some of the active powders synthesized in air are clearly mono-crystalline.
The formation of the preferred single crystals may contribute to the somewhat high capac-
ity retention of the impure powders. It is commonly agreed that single crystals enhance the
battery performance although disagreements arise when explaining why. Cho and cowork-
ers [74] proposed that single crystal materials cycle better due to higher surface areas. This
is however not the case here, as the Inert_Cl with larger crystals and lower surface areas
show better performance. Reports from Li and co workers [59] and Swallow et. al. [58]
explain the superior capacity retention of single crystal cells as a result of better material
integrity. They argue that it is easier to generate microcracks in a poly-crystalline material
during cycling due to the volume expansion and contraction of the crystal grains within
the particle. Thus, a more stable interface is preserved in single crystal materials due to
the suppression of microcracking. [59] An additional downside to microcracking is that it
can isolate particles from the conducting material (carbon black). This will induce inactive
areas in the cathode structure, which can explain the high irreversible capacity losses seen
for the less single crystalline materials (Air_Cl_ambP in figure 4.9d). [58] The dominating
mechanism can be revealed by cycling at low C-rates to rule out the kinetic limitations and
to see how the polarization and capacity change.

Microcracking caused by phase transitions are not present in pure NMC111 as cycling is
kept below 4.4 V. However, the secondary phases detected in the air-synthesized powders
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might induce phase transitions at lower voltages. This would especially be the case for the
spinel-phased Air_Cl_HighPLi below 3 V. Phase transitions cause volume expansions and
microcracking, which induce formation of new CEI. This will consume Li, form thicker
CEI layers, or insulate parts of the active material. All these are interconnected, and will
lead to an increased resistance, longer diffusion paths and decrease the rate of Li diffusion.
These phenomena can explain the decreasing capacity and overpotentials for impure NMC
materials seen in figure 4.14. The secondary phases will also show other properties than
the main phase. These phases may be less conducting. The secondary phases are included
in the weight calculation of the active material. These do not contribute to an increased
capacity, and will therefore decrease the specific capacity.

The extremely low and unsteady coulombic efficiency of Air_Cl_5h in figure 4.14 is a re-
sult of major side reactions that occur during cycling. Such deviating values are often ex-
plained by the formation of mechanical stress. Stress is related to volume expansions when
extracting and inserting Li. However, mechanical damage is reported to be considerably
small for NMC111 compared to other compounds. [61] As samples without aggregates
does not show these variations, the aggregates seen in SEM figure 4.9 for Air_C1_5h might
amplify the stress and may be more prone to fractures. Tsai and coworkers [103] reported
that visible microcracks initiate close to the center of particles and propagate outward,
beginning at a cycling voltage of 4.1 V. Microcracking will result in new contact areas
with the electrolyte, additional CEI formation and more side-reactions. Hence, the energy
input during the charging of the battery will not meet the energy output during discharge.
This might be the explanation for the low colombic efficiency for the highly aggregated
Air_CI_5h found in figure 4.14. Further, the conductive pathways will break down or lead
to a total disintegration of the electrode. This will have a detrimental effect on the internal
resistance and eventually the capacity. [61, 104]

5.2.2 The effect of secondary phases

Impurity peaks are found between 20-30 2 6 for all air-synthesized samples. Thus, it is
difficult to obtain a pure phase NMC111 during a co-precipitation in air. When compar-
ing Inert_Cl and Air_Cl, the morphology, APS and PSD are approximately equal. Still,
their electrochemical performance deviate. From these observations, the secondary phases
seem to strongly decrease the electrochemical cycling. This is also clear in figure 5.3,
which shows the phases and initial capacity for all air-synthesized samples. The sample
of least secondary phases from air-synthesis (Air_Cl) obtains the highest initial discharge
capacity (86 mAh/g) (also seen in results figure 4.11). This is unanimous with other re-
search stating that the amount of secondary phases increases as the initial discharge capac-
ity decreases. [105] The capacity of air-synthesized powders are shown in figure 5.3 are,
however, extremely low relative to the expected values of an NMC111 (160 mAh/g). [14]

The impurity peaks of the XRD patterns in figure 5.2 are mainly found to be secondary
phases of Mn. This is in agreement with reference [89] stating that Mn may react with
the air and form Mn-based secondary phases. It is reported that during hydroxide forma-
tion, MnO, and MnOOH phases will form. The following heat-treatment will transform
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Figure 5.3: The initial galvanostatic cycle (at 0.1C) for all coin cells made with air-synthesized
active powders, with emphasis on the phases detected. The conditions for the synthesis of Air_Cl is
used as a reference. Changes in the variables listed under the reference can be seen by the curves
of their respective colour. Illustrations of the spinel and layered crystal structure are placed on the
powders of highest purity. The secondary phases detected for each of the air-synthesized powders
are shown. The directions of charge and discharge are placed on the curves. The sample with least
and most secondary phases (Air_Cl_ambP) have the highest and lowest initial capacity, respectively.

the Mn-residuals to the secondary phases recognized in the XRD diffractograms for all
air-synthesized powders (figure 4.2 and figure 4.5). [89] The results are consistent with
other research, concluding that a hydroxide co-precipitation synthesis of NMC111 should
be performed in an inert atmosphere. [106]

A comparison between the XRD patterns of powders with the longest exposure to air
(Air_Cl_ambP, figure 4.2) and in an inert atmosphere (Inert_Cl, figure 4.7) provide clear
knowledge of how oxygen influence the synthesis. Earlier research [107] explains how the
rate of Mn-oxidation in water changes depending on the pH, the amount of Mn and the
concentration of oxygen dissolved in the solution. A higher concentration of oxygen was
reported to increase the Mn oxidation. [107] Active powders made with an autoclave-step
(Air_Cl and Air_Cl_HighPLi) has less secondary phases than the one excluding this step
(Air_Cl_ambP). Due to the extremely large amount of secondary phases for Air_Cl_ambP
shown in figure 4.2 it is evident that the formation of secondary phases also occurs after
the co-precipitation reaction. For the samples here, the pH and the concentration of Mn
is constant for all synthesis making the amount of oxygen in solution the only variable.
Longer reaction times in the presence of air seem to cause more Mn to react with oxygen.
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The hydrothermal conditions may reduce the amount of oxygen in the solution and con-
stricts the oxidation of Mn. [89, 107]

Not only do the air-synthesized powders show a poor initial performance, but they also
have an irreversible capacity loss throughout the galvanostatic cycling. A probable cause
for this loss are the secondary phases detected in the XRD patterns. This induces multiple
oxidation states for the TMs, and the presence of unwanted states such as Mn>* are more
likely to appear. This state is dissolvable in the electrolyte during cycling, and results in
an irreversible loss of Mn. This dissolving species is one of main drawbacks for LMNO
and LMO cathodes. [89] One of the secondary phases in Air_Cl_ambP (figure 4.3) match
a Li-rich tetragonal spinel phase (LiuMnOs3). Such phase is reported to transform at high
delitihation (charge) from LisMnOj3 to LisO. Subsequently, an irreversible capacity loss
will follow. This transformation is, however, unlikely to cause the irreversible losses seen
during cycling as these occur above 4.4 V; here the charging only reaches 4.3 V. [89]

However, the capacity retention of Air_Cl from figure 4.14 is still the highest among all
samples (82 %). The low cutoff voltage can explain the relatively high reversible capac-
ity of Air_Cl_HighPLi (68 %) and Air_Cl (82 %). When discharging Mn layered oxides
below 3.0 V, the oxygen molecules are reported to be electrochemically reduced leading
to extra capacity. Oxygen containing species accumulate on the electrode surface. Upon
the second charge above 4.0 V, these residuals are electrochemically decomposed caus-
ing a higher capacity. [49] This way, the impurities of Mn oxides in powders made from
air-synthesis can actually contribute to a higher reversible capacity; this is seen as a high
capacity retention.

Wang [91] reported that impurity phases, such as the Mn3O4 phase detected in Air_Cl_ambP,
disappeared at relatively high temperatures of 750 °C. A phase pure LiMn, O, spinel phase
was also obtained after the heat-treatment. This is however not consistent with the results
found here, as most impurity phases are still present after longer heat-treatments at higher
temperatures (15 h heat treatment in 850 °C).

As seen from the XRD pattern of Air_Cl and Air_Aq (figure 4.5), the powders transform
to an intermediate spinel phase during the 480 °C heat treatment. After a heat-treatment
at 850 °C, these turn into a main phased layered NMC. This is as expected, as a spinel
phase and layered phase are favourable at ~ 400 °C and 800 °C, respectively. [89] He,
Sun and Yu [68] found the intermediate spinel phase to be an (Nij;3Co;;3Mny/3)O4 phase,
which are favorable at ~ 500 °C. At higher temperatures (900 °C in 12 h) the formation of
layered NMC111 was formed. This is consistent with the results obtained here. Although,
the intermediate phase here was heat-treated for a longer time at lower temperatures (850
°C at 15 h). An impurity phase is still detected at around 21 6 for the Air_Cl in figure 4.5.
Impurities may therefore disappear at higher temperatures (900 °C).

Wang et. al. mentioned that the highly aggregated particles may be caused by the presence
of the Mn, O3 impurity phase. [91] Thus, the impurities detected in the XRD patterns for
the Air_C1_5h in figure 4.6 may promote the formation of aggregates found in the SEM
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images in figure 4.9b. Another contributing factor for the formation of such aggregates are
the 10 h shorter heat-treatment.

5.2.3 The effect of heat-treatment

Active powders synthesized using CI precursors in combination with a 15 h heat-treatment,
(Air_CI_HighPLi, Air_Cl, Air_Cl_ambP and Inert_Cl) has no visible differences in PSD or
APS (table 4.2). Neither the autoclave nor an inert atmosphere show any influence on
the APS. Experimental observations of the APS from the long (Air_Cl, 400 nm) and short
(Air_Cl_5h, 200 nm) heat treated powders are consistent with other research; shorter heat-
treatments generally result in smaller particle sizes. [3, 108]

Another trend worth mentioning, is related to the effect a 850 °C heat-treatment has on the
surface area and the particle size. As the APS in table 4.2 are estimated through SEM, it
is expedient to use the BET surface areas from table 4.3 as supporting data. It is known
that a low surface area gives a large particle size and vice versa. [109] When comparing
the particle sizes from table 4.2, with the surface areas from table 4.3, the results comply
with the trend above.

Porous structures are known to obtain extreme high BET surface areas. The highly porous
particles for Air_Aq before the 850 °C heat-treatment complies with the measured BET
surface area of 23.88 m?/g. From the SEM images in figure 4.10, it is clear that the heat-
treatment at 850 °C induce a growth in APS. The highly porous non-spherical particles are
reduced to sub-round spherical particles with a lower porosity. This is recognized in the
decreasing BET surface area (2.57 m?/g).

An exception is seen for the powder synthesized with a 5 h heat-treatment (Air_CI_5h).
The surface area is 0.64 m?/g and the APS is approximately 200 nm. This surface area is
extremely low relative to the other powders, and may be explained by the aggregates seen
in figure 4.9b. It is important to keep in mind that the BET theory takes into account the
adsorption of N5 on the particle surface. These aggregations decrease the total calculated
surface area due to the compact particles that will not let N, adsorb. In fact, these aggre-
gates may also be the explanation for the low electrochemical performance of Air_Cl_5h
seen in 4.14 and 4.12. According to Lu et. al. [90], aggregations make it more difficult to
break up during the preparation of the electrode. This is seen experimentally as a small to-
tal surface area of 0.64 m2/g. Hence, less of the active material’s surface area is in contact
with the electrolyte. This is causing the extremely low coulombic efficiency seen in figure
4.14 for Air_CI_5h.

5.2.4 The Li-reaction step

By comparing the sample without a Li-reaction in high pressure (Air_Cl) to that using high
pressure (Air_Cl_HighPLi), it is clear that the latter had non-sufficient conditions for the
Li reaction. A high pressure is not sufficient for the Li reaction to fully occur. This is
found by comparing the sample using a traditional Li-reaction during calcination (Air_Cl),
to that using high pressures (Air_Cl_HighPLi).
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The XRD pattern (figure 4.1) and the cycling data (figure 4.13a) agrees that a Air_Cl1_HighPLi
obtained a spinel phased material. However, two rather unexpected features is seen in the
spinel shaped charge/discharge curve of Air_Cl_HighPLi in figure 4.13a. Firstly, the edge
seen at 3.7 V during charge seems to disappear during multiple cycles. Secondly, the shape
of the first charging cycle has similar features to those of layered cathode materials. Com-
paring with figure 2.6, these are not related to the LMO and LMNO spinel structures and
might arise from the presence of Co. [93]

Chen and co-workers [110] suggest that lower temperatures increased the cation mixing
in LiFeO,4. They report that the mixing approaches 8 % at 120 °C, and essentially drops
to zero above 175 °C. Thus, a low temperature (120 °C) may impact the structure, and
is a probable cause for the incomplete reaction of Li under high pressures. However,
powders synthesized at temperatures of 160 °C and 175 °C (figure B.1 also accommodates
a spinel phase. Thus, stochiometric errors are conceivably the reason for these undesirable
outcomes.
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Chapter 6

Conclusion

Co-precipitation synthesis’ of active NMC111 powders were tested in air and in inert at-
mospheres. A hydrothermal step was included in the air-synthesis to examine the ability of
Li to react at high pressures. It resulted in an inadequate reaction and the formation of un-
wanted phases. Consequently, multiple conditions were tested to obtain layered structures
of NMC. The presence of Cl during co-precipitation was investigated by doing parallel
synthesis with standard pure Aq nitrate- and acetate solutions.

Powder synthesis performed in the air failed to obtain a phase pure NMC111. Unwanted
secondary phases were formed during the co-precipitation step due to the oxidation of
Mn. The formation increased with the concentration of oxygen in solution. Li showed
poor abilities to react with the precipitate at high pressures in 120 °C seen as a formation
of a spinel phase (58.8 %). This showed low cycling performance of ~ 80 mAh/g. The
5 h heat treatment formed aggregates with smaller surface areas, and impure phases. This
furnished unstable structures and scanted the electrolyte-contact area, which promoted mi-
crocracking and the creation of new interphases. This consumed Li and was concluded to
be the cause of the large variations in coulombic efficiency between cycles. Inert atmo-
spheres were concluded to be of significance for forming a pure phase NMC111 material
with high electrochemical performance.

XRD, Rietveld analysis, and BET surface area measurements of the powder revealed that
the crystal size and the particle size increased in the presence of Cl and with longer heat
treatments. The degree of cation mixing decreased; probably caused by a more meticulous
washing and sieving. This would remove contamination and enhance structure formation.
Consequently, synthesis using Cl-precursors achieved a higher initial discharge capacity
and capacity retention (143 mAh/g and 76 % after 80 cycles, respectively) opposed to the
standard Aq-based precursors (133 mAh/g and 70 % after 80 cycles, respectively). With
thorough washing of powder during synthesis, CI precursors were qualified as starting
materials for cathode synthesis, and the tested Glencore’s NiCl, and CoCl, solutions was
concluded as promising for the use in LIBs.
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Chapter 7

Further Work

In commercialized batteries with a graphite anode, the amount of Li may be limited. All
batteries in this report are cycled using Li metal as an anode. Such half-cells have an un-
limited amount of Li and the effect of side reactions consuming Li will not be accounted
for in the same degree as for commercialized batteries. In this aspect, a three-electrode cell
set-up with Li as a reference would provide more accurate information about the mecha-
nisms leading to failure.

The XRD measurements and SEM was taken immediately after heat-treatment, but the
NMCI111 powder was stored in air for a time before cell assembly. Secondary phases of
Li residuals may have formed in between the two analysis and contribute to somewhat low
capacity. [111] More reliable results can be obtained by storing the NMC111 powders in
an inert atmosphere. Future work should include investigation of phase changes of stored
samples through XRD analysis and SEM. A comparison between the before and after stor-
ing could reveal interesting results regarding degradation during storage.

As concluded by Toby in 2006 [112], the quality of a Rietveld fitting is best determined by
viewing the observed and calculated patterns graphically. The difference plots can, there-
fore, be considered as a quality reference. It must also be kept in mind that minimizing the
difference uncontrollably does not necessarily provide more reliable results. The reliabil-
ity (Rwp %) of Rietveld refinements are regarded as high values if above 10 %. As table
4.1 shows, the sample Air_Cl_HighPLi has a noticeable higher Rwp (13.96 %) than the
other. This should be taken into account when considering the credibility of a 58 % spinel
phase in the powder. This compound, and formation of its spinel phase, should therefore
be further investigated.

Further work will include the investigation of the reaction mechanism with Li in the hy-
drothermal step for synthesis in air. Apparently, some Li react, but not to completion.
To understand whether this spinel phase is favorable due to incomplete Li reaction, or
low-temperature conditions are highly crucial for understanding the reaction mechanism
under these conditions. Further, testing how the powder morphology is formed during
high pressure conditions is an interesting point of view. This could be done by examining
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the powder with XRD and SEM before and after it was introduced to the autoclave. It was
however outside the scope of this work, as the aim was to obtain a pure NMC111 phase.
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Appendix A

Classification of results

The following section contain the supplemental information.

The table used for classification of roundness, angularity and sphericity adapted from [73]

is shown in figure A.1.

Table A.1: The PDF number, chemical formula, space group and lattice system of the references

used for XRD scans.

Sample PFD number Formula Space Group Lattice System
NMCI111 phase 04-013-4377 LiMn; ;3Co01/3Ni; /302 R3m (166) Rombo.H.axes
Spinel phase 04-013-0104 LiMn; 4 Cog.604 Fd3m (227) Cubic
Secondary phase 04-010-5519 Li(NO3) R3c (167) Rombo.H.axes
00-017-0510 MnOs 141/m (87) Tetragonal
00-001-1127 Mn3O4 I41/amd (141) Tetragonal
04-013-8970 Lis MnO3 C2/m (12) Monoclinic
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Figure A.1: A table showing how to classify particles a) sphericity and roundness and b) sphericity
and angularity.
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Appendix B

Additional results

The B.1 shows the XRD patterns of Air_Cl_HighPLi test 2 and 3 before and after heat
treatment. Powders with the same synthesis method as Air_Cl_HighPLi, but with higher
temperatures to obtain the high pressure of Li reaction in the autoclave. The temperatures
of 160 °C (Air_Clys) and 175 °C (Air_Clys) were used. A spinel phase, like the one
observed in the Air_CI_HighPLi, is obtained. It is clear that Li reaction does not fully
occur during the hydrothermal step at 160 and 175 °C.

X Impurities
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Figure B.1: Air_Cl_HighPLi 2 and 3 before and after heat-treatment. The boxes shows the presence
of large impurities before the 850 °C heat treatment. After the heat treatment, a spinel phase is
obtained.

The cycling data parallel to Inert_Cl and Inert_Aq:
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Figure B.2: The cycling data from a synthesis route identical to Inert_Aq. Another two coin-cells
from this batch showed similar results. The discharge capacity falls from 140 to 111 mAh/g from

1st to 50th cycle.
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Figure B.3: Cycling data from a synthesis route identical to Inert_Cl. Another two coin-cells from
this batch showed similar results.
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Figure B.4: Air_Aq_HighPLi coin cell 1. It has the distinct spinel-shaped charge/discharge curves.
The sample fails in 3rd cycle.
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Figure B.5: Sample Air_Aq coin cell 2. The cycling data from the synthesis route that deviate from
Air_Cl with using Ag-precursors. Initial charge capacity is at 15 mAh/g, and decreases to 12 mAh/g
after 25 cycles. The charge capacity reaches ~ 1307 after cycle 26, followed by a total cell failure.
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Figure B.6: Sample Inert_Cl parallel 3. The cell deviate from parallel 1 and 2 by having a faster

decrease in specific discharge capacity, going from 134 to 106 mAh/h after 50 cycles.

vi



@NTNU

Norwegian University of
Science and Technology



	Preface
	Abstract
	Sammendrag
	Table of Contents
	List of Tables
	List of Figures
	Background
	Motivation
	Aim of Work

	Introduction
	Fundamentals of Rechargeable Batteries
	Working principle of Li-ion batteries
	Terminology and Figures of Merit

	Li-ion Battery Components
	The Electrolyte
	The Anode

	Cathode Materials in Li-ion Batteries
	Spinel Oxides
	Layered Transition Metal Oxides

	Lithium Nickel Manganese Cobalt Oxide (NMC)
	The NMC111

	Synthesis routes of NMC111
	Co-precipitation

	Characterization techniques
	X-ray Diffraction
	Scanning Electron Microscopy
	Nitrogen-physisorbtion
	Electrochemical Characterization
	Electrochamical impedance spectroscopy


	Experimental
	Powder Synthesis
	Thermogravimetry
	Powder synthesis in air
	Co-precipitation in inert atmosphere

	Cathode Preparation
	Cell Assembly
	Characterization Methods
	XRD
	SEM
	BET
	Galvanostatic Cycling
	EIS


	Results
	Phase characterization of active powder
	Synthesis in air atmosphere
	Synthesis in inert atmosphere
	Quantitative phase characteristics

	Powder morphology and particle characteristics
	Morphology and particle size
	Surface area

	Electrochemical performance
	Air-synthesized active cathode materials
	Inert-synthesized NMC111 cathode material
	Summary of results


	Discussion
	Co-precipitation in inert atmospheres
	Cation mixing
	Morphological characteristics
	Structure stability
	Cell resistance

	Co-precipitation reactions in air atmosphere
	Morphology and particle size
	The effect of secondary phases
	The effect of heat-treatment
	The Li-reaction step


	Conclusion
	Further Work
	Bibliography
	Appendix
	Classification of results
	Additional results

