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ABSTRACT

DEVELOPMENT AND CHARACTERIZATION OF HIGH ENERGY CAHODE
MATERIALS FOR LITHIUM-ION BATTERIES

Blyukburg, Atil
Ph. D., Department of Metallurgical and MateriatgyiBeering
Supervisor: Prof. Dr. M. Kadri Aydinol

August 2013, 148 pages

The aim of this thesis is to produce high enerdhiade materials based on LiCp@aterials
with the general formula LiGgM,O. and LiCa.,.,M;N,O,. In order to achieve this formula,
less exploited doping elements such as Mo, Cr aniillAbe used as well as Mn. During the
study, the parameters of the processes which dumicso preparation, freeze drying and
calcination are optimized. According to the resu® hours of freeze drying is enough for
drying the samples. Calcination at lower (< 700%€jnperatures as well as higher
temperatures (> 800°C) do not yield single phaso0b. It is also determined that, holding
pH around 10.75 and Li:Co ratio are very import@nthaving single phase LiCQOXRD,
SEM and SEM-EDX are used for structural analys€é® and XPS are used for chemical
analysis. For electrochemical characterizationyayabstatic charge-discharge tests, CV and
EIS are applied. The results have shown that thepkacontaining 1 mole% W and 1
mole% Mn has the best electrochemical performanuoeng the other samples. The reason
for the electrochemical superiority of this samigldue to the different surface chemistry.

Keywords: LiCoQ, Doping, Freeze Drying, Electrochemical PerfornenSurface
Chemistry.
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LITYUM IYON PILLER ICIN YUKSEK KAPASITELI VE ENERJLI KATOT
MALZEMELERININ GELISTIRILMESI, URETILMESI VE KARAKTERIZASYONU

Blyukburg, Atil
Doktora, Metalurji ve Malzeme MihendisliBolimu
Tez Yoneticisi: Prof. Dr. M. Kadri Aydinol

Agustos 2013, 148 sayfa

Bu tezin amaci pillerde kullanilan katot malzemel@en LiCoQ malzemesitemeline
dayanan ve genel formili Li€gMO, veya LiCa..,MN,O, olan yiksek enerjili katot
malzemesi uretmektir. Bunu@amak icin, literatirde daha az gamis olan Mo, Cr ve W
gibi alsim elementleri ile daha sikhkla kullanilan Mn elemi kullaniimstir. Tez
calismalar boyunca, ¢ozelti hazirlama, dondurarak koauve kalsinasyon gibslemlerin
eniyilemesi cakiimigtir. Elde edilen sonuclara gére dondurarak kuruigteminin 24 saat
uygulanmasi, etkili bir kuruma icin yeterlidir. 7@nin altinda veya 800°C’nin Ustiinde
uygulanan kalsinasyoslémi sonucunda tek faz tabakal LiCp€dde edilemenstir. Ayrica
pHIn 10.75 dgerine yakin bir yerde tutulmasi ve Li:Co oraninek faz tabakali LiCo®
elde edilmesi icin 6nemli olgw tespit edilmitir. Yapisal analiz icin XRD, SEM ve SEM-
EDX kullaniimstir. Kimyasal analiz icin ICP ve XPS kullanilgtr. Elektrokimyasal
karakterizasyon icirsarj-desarj testleri, CV ve EIS yontemi kullanilgtir. Elde edilen
sonuclar, mol yizdesi olarak %1 W ve %1 Mn icereimuanenin en iyi elektrokimyasal
davrang gosterdgini ortaya koymgtur. Bu numunenin elektrokimyasal 6zellikler acdan
dstunl@inan yuzey kimyasinin farkli olmasindan kaynaklgnghspit edilmgtir.

Anahtar Kelimeler: LiCoQ Alasimlama, Dondurarak Kurutma, Elektrokimyasal Ozellik
Yuzey Kimyasi.
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CHAPTER 1

INTRODUCTION

1.1.Battery Technology

The increasing demand for cheap, safe and renewablgy forces companies, governments
and institutions as well as investors into findiai¢ernative sources to fossil based fuels.
Finding an alternative is obligatory not only foneegy considerations but also for

environmental legislations which are becoming &riand vital day by day. Although there

are many competitors for this alternative, the gnabtained by electrochemical methods
governs an important place. The batteries are tbet rknown electrochemical energy

sources.

In the recent years, R&D studies concentrate mainlyhe storing higher energy in batteries
in order to use them as an energy source in therieley dependent vehicles. Electric
vehicles (EV), hybrid electric vehicles (HEV) antligpin hybrid electric vehicles (PHEV)
are the types of these vehicles. In addition ts¢heecently range extended electric vehicles
(ReEV) came to stage. ReEVs can be thought as provwed version of PHEVS. It seems
that battery operated vehicles will be on roadfoneseeable future. However; for the time
being, the technological level of batteries areafi@ay from meeting the current needs of the
automotive industry.

The most important problem preventing the battdrig® widespread application in cars lies
in the fact that they have very low gravimetric (Wff) and volumetric energy density
(Wh/l) when compared with other automotive fueleeTcomparison of energy densities of
various fuels and batteries is given in Figure 1.1.

Despite this drawback, the energy dissipated frbenktatteries can be increased by using
several cells. However; this requires significanmber of cells which increase the weight
and cost of the car. Pollet et al. [1] estimateal tianufacture cost of a 35 kWh battery as
30000% which is unaffordable for individuals. Howeyv battery driven cars have the
advantage of carbon free transportation, lower teasnce requirements and lower
operating cost due to the low cost of electricRy. Moreover; Unnasch and Browning [3]
estimated the well-to-wheel efficiency of batterazout 2.6 times more than that of internal
combustion engines (ICE). These important advastageEVs make them very attractive
alternative for automotive industry.
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As stated above, R&D studies on the batteries foouscreasing the energy density without
sacrificing safety, economy and other electrochalmicoperties such as cycle life and high
rate capability. Kawamoto [5] illustrated the redat between energy density and power
density of batteries which is given in Figure 1R2om the figure it is seen that Li-ion
batteries are the most promising chemistry to lexl us EVs. Kawamoto [5] also claimed
that CQ emissions from EVs are % of that of ICEs.

Zu and Li [6] prepared a figure that illustratee imcrease of energy densities of various
chemistries through years by using data of Kawarfita~rom this figure (Figure 1.3) it is
seen that the increase in the energy density obdlteries has accelerated in the last three
decades. The energy density of Li-ion batteriesdmgled in only 15 years (solid line in
Figure 1.3) and these batteries have shown thpedeecrease. New Energy and Industrial
Technology Development Organization (NEDO) in Japiam to reach the energy density of
500 Wh/kg by 2030 [6]. This value is more than Rifof the current value of the energy
density of Li-ion batteries. It is certain thatii@asing the energy density from 100 Wh/kg to
200 Wh/kg is easier than increasing from 250 Whék§00 Wh/kg. However; to reach this
target is beyond being wish, instead it must baexeld when environmental benefits and
depletion of fossil fuels are considered. Theretoreeach this target, enormous studies of
R&D must be done.
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The studies for decreasing the cost of the batierparallel with the studies for increasing
energy density. Hill and Mjos [7] posted in thedport that 2-3 years ago the cost of lithium
battery pack was $700-$1000/kWh but this reducek#t@D-$700/kWh in year 2012.

1.2.Battery Terminology, Science and Types

Batteries use the chemical energy which is staneitsiactive materials for converting into
electric energy by means of an electrochemicalaiad-reduction (redox) reactions. As the
battery electrochemically converts chemical enendy electric energy, it is not subject to
the limitations of the Carnot cycle like heat emgin Therefore, batteries are capable of
having higher energy conversion efficiencies [8].

While the term “battery” is often used, the bagnit is the “cell”. A battery consists of one
or more of these cells, connected in series orlipam@r both, depending on the desired
output voltage and capacity.

Cell voltage is related with the chemistry of tretbries meaning that the voltage depends
on the materials used in the cell. For exampl&d\lbatteries produce 1.2V per cell while
lead-acid batteries produce 2.0V per cell. Thigeases to 3.6V/cell for Li ion batteries
having LiCoQ as cathode material. Battery voltages must beiphedt of the basic unit. For
example, with Li-ion battery having LiCeQs cathode material, only batteries of voltage
3.6V, 7.2V and 10.8 V can be produced but not 58\wmith this cathode material [9].

Cell capacity is actually infinite meaning thatl@pends on the amount of active materials in
the battery. Increasing the amount of active ebeletr material increases the capacity.
Moreover, amount of electrode material correspaadee amount of electrons taking part in

the electrochemical reactions. Therefore activeenw@dtin a cell means that it loses or gains
electrons when power is applied. Cell capacity éasured by ampere-hours.

Batteries technological performance is mainly dedinby energy (current * voltage
integrated over time) or power (current * voltage).

When an application needs more voltage than aceell provide, than several cells are
connected in series to achieve the desired voltdgees connection means that positive
terminal of one cell is connected to the negatarentnal of the next cell. This sequence is
followed until the desired number of cells is cocted. For example, in order to achieve 6 V
of output, 3 lead-acid batteries must be connedotedries.

Similarly, when an application needs more capattign a cell can provide, than several
cells are connected in parallel to achieve therdégsiapacity. Parallel connection means that

positive terminal of one cell is connected to theipve terminal of the next cell.

C-rate is an important parameter defining the perémce of charge and discharge rates of
cells. C-rate is basically current flow rate eqieathe cell rated capacity. For example, for 1

4



Ah capacity cell, C-rate is 1 A, while for 5 Ah @ity cell, C-rate is 5 A. Therefore, for 5
Ah cell, charging with 0.5C means that chargingajplied with rate of 2.5 A. Same
terminology is used for describing discharge rates.

A battery mainly consists of three components; ancdthode and electrolyte :

The anode or negative electrodehe reducing electrode—which gives up electronthéo
external circuit and is oxidized during the elechemical reaction.

The cathode or positive electrod@he oxidizing electrode—which accepts electromsnfr
the external circuit and is reduced during thetedbetbemical reaction.

The electrolyteThe ionic conductor—which provides the medium fansfer of charge by
the movement of ions inside the cell between tlwelarand cathode.

1.2.1.The Thermodynamics of Batteries

In a cell, reactions essentially take place at aneas or sites in the device. These reaction
sites are the electrode interfaces. In generaliseths, the reaction at one electrode
(reduction in forward direction) can be represeritgd

aA+ne” =cC (2.2)
where, a moles of A take up n moles of electronstoeform ¢ moles of C. At the other
electrode, the reaction (oxidation in forward dii@t) can be represented by

bB-ne” =dD (2.2)
The overall reaction in the cell is given by adlitof these two half-cell reactions

aA+bB=cC+dD (2.3)
The change in the standard free energy of thidiceais expressed as;

AG® = -nFE° (2.4)
where, F = constant known as the Faraday con@éaA87 coulombs)
E°= standard electromotive force (with referenceéitore = %Hz ,E°=0V)

When conditions are other than in the standara,sta¢ voltage E of a cell is given by the
Nernst equation;

£ =po -RT | 8

nF  alal

(2.5)

where,

a = activity of relevant species

n = number of electrons involved in stoichiometgaction
R = gas constant

T = absolute temperature



The change in the standard free enefgy® of a cell reaction is the driving force which
enables a battery to deliver electrical energyntexernal circuit.

1.2.2.The classification of batteries

The batteries are classified in two categoriesma@ry batteries and secondary batteries.
Primary batteries are the ones that are discarfted @sage so they are discharged only
once. Secondary batteries are the ones that caecharged to their original condition by
passing current in the opposite direction of theeldarge current. Primary batteries are still in
use especially for portable applications, represgrabout 80% of the total number batteries
sold [10]. The advantages of primary batterieskestter for the following properties when
compared with secondary batteries, ease of producinvarious sizes, shelf-life, safety
level, reliability and sometimes cost.

Secondary batteries are basically storage devicesléctric energy and are known as
“storage batteries” or “accumulators”. They are rabterized and distinguished by high
power density, high discharge rate, flat dischaogeves, and good low-temperature
performance. Their energy densities are generallyet than those of primary batteries.
Their charge retention also is poorer than thatmoft primary batteries, although the
capacity of the secondary battery can be restoyetetharging. The application areas of
secondary batteries fall in two categories;

e The battery is used as an energy storage devigs.dbnstantly connected to an
energy source and charged by it. It can then rel¢las stored energy whenever
needed. Some application areas are; car accunsjlaocraft systems, standby
power resources,

* The battery is used as a primary battery butriécharged instead of being disposed
of. Some application areas are; electric vehiamesbile phones, cameras, power
tools, toys.

1.3.Secondary Batteries

They are mainly five chemistries used in secondaaiteries. These are Pb-acid, NiCd,
NiMH, Li-ion and alkaline batteries. The cost, cedlitage, discharge capacity, cycle life,

environmental factors, safety vs. are importanapeaters that are considered for choosing
the right battery chemistry. A detailed comparigdrthese batteries is given in Table 1.1
[11].

Due to the severe competing market, the manufastureist produce batteries with high
capacity, light weight and high cycle life. Fromble 1.1, it can be inferred that Li-ion

batteries are the most promising batteries to reste requirements. As the cell voltage of
Li-ion batteries is the highest, fewer cells aredwesl for a given voltage requirements.



Table 1.1. Battery Chemistry Characteristics [11].

Parameter Sealed \icg  NiMH Lision Alkaline
Pb-acid

Cell Voltage, V 2.0 1.2 1.2 3.6 15

Relative Cost,

NiCd=1 0.6 1.0 1.6 2.0 0.5

Self-Discharge, %/month 2-4 15-30 18-20 6-10 0.3

Cycle Life, 500-

reaching of 80% capacity 500-2000 1000 500-800 1000-1200 <25

Overcharge Tolerance High Medium Low Very Low Madiu

Energy by Volume, Wh/I 70-110 100-120 135-180 230 202

Energy by weight, Wh/kg 30-45 45-50 55-65 90 80

1.4.Lithium-lon Batteries (Anode, Cathode and Electrolyte Materials)

Although, the primary lithium batteries were in thwearket for a long time, the
commercialization of secondary lithium batteriesedeback to 1990s. They were introduced
by Sony Corporation to be used in portable photreshat battery, the anode material is
carbon, the cathode material is LiGoénd the electrolyte is LiRFcontaining propylene
carbonate/diethyl carbonate (PC/DEC). This batmgfiguration is still in use although
there are many competitor materials in terms ofags, capacity, cycle life, safety and cost.

Vaughey et al. [12] list the required propertiesanfanode material for Li-ion battery as low
potential versus metallic lithium, a specific capagreater than 300 mAh/g, high cycling
efficiency, low irreversible capacity, high leveiEsafety and low cost.

Although the best anode material to be used ifulthion batteries is the lithium metal with
anode potential of —3.045 V (vs. standard hydrogieatrode) and high specific capacity
(3860 mAh/g), prolonged deposition/dissolution ayglcauses dendrite formation of the
lithium metal, which in turn results in serious plems in safety and cycleability [13].

The problems associated with the usage of lithivetahhas anode material are summarized
by [14]. Freshly deposited Li is more reactive thatk Li and tends to be encapsulated by
electrolyte decomposition products, and becomestirea This inactivity results in loss of
active Li so the charge/discharge efficiency desgeavhich necessitates the usage of excess
Li (3-4 times) with respect to the cathode capadifycan only deposit on the remaining
active Li sites and grows in a dendritic form. Wi#peated cycling, dendrites can perforate



the separator and reach the positive electrode shaging the cell. Dendrite formation of
lithium at the electrodes is illustrated in Figdrd [15].

Due to these reasons, there is no any commeraiauption of batteries having lithium
metal as the anode material. Therefore, reseamt@esoncentrated on finding new anode
materials. There are many candidate materials kaphitic carbon seems to be the best
when compared with other materials. By using canaiterials as an anode for lithium ion
rechargeable batteries, carbon can be lithium dapddped during charging/discharging
without a morphology change at the surface. Theti@a of Li-CIC (Carbon Intercalation
Compound) during charge-discharge can be expresstw following equation:

discharge
LiC = Li, C+yLi"+ye (2.6)

charge

Figure 1.4. The morphological forms of lithium amoale material, a) dendritic + spherical,
b) dendritic, c) spherical [15].

Since this reaction is reversible and the cathodetaining LiCoQ is also a lithium
intercalation compound which can be lithium dopadaped without a morphology change,
long cycle life can be attained.

Graphite is distinguished from carbon materialsabige of its high crystallinity. It is well
known to react with lithium to form lithium graphitintercalation compounds (Li-GIC).
Carbon materials are classified into two categasiasording to the structure characteristics:
graphitizable carbon and nongraphitizable carbam@ared with graphitizable carbon, non-
graphitizable carbon generally has low densityppsrsurface, small crystallites, relatively
random orientation of crystallites and long intar@r spacing (d002). Since graphitizable
carbon is similar to graphite with respect to alstity, lithium intercalation into the



graphitizable carbon seems to be preferable todhaon-graphitizable carbon [15]. The
structure of graphitizable carbon and nongraphitezaarbon are given in Figure 1.5.

There are a lot of anode materials that can benaliee for carbon materials. For example,
those based on: (a) elemental aluminium, silicotiro(b) composite structures formed in
situ by electrochemical reduction of metal oxided éc) host structures in which there is a
strong structural relationship between the paréntctre and its lithiated product, for
example CgSns and MnSb [12]. However; none of these materials thasdesired anode
properties like carbon.

(a) graphitizable carbon (b) non-graphitizable carbon

Figure 1.5. The structure models of carbon matefi].

The most commonly used electrolytes for lithiumtéxdes are liquid solutions of lithium
salts in aprotic organic solvents. The main paramsetvhich govern the choice of the
electrolyte are:

For solvent:

 stability towards both the positive and negativectbdes;
« high solubility for lithium salts;

« safety and non-toxicity.

For lithium salt:

« high ionic mobility for the lithium ion;

« thermal, electrochemical and chemical stability;
* Compatibility with the environment.

Solvents were initially selected primarily on thasts of the conductivity of their salt
solutions, the most common example is propylenkearate (PC). However, solutions based
on PC on its own were soon found to cause pooeaydity of the lithium electrode, due to



uncontrolled passivation. Solvent mixtures weradftge developed for the combination of
high dielectric solvents (e.g. ethylene carbond€) with an alkyl carbonate (e.g.
dimethylcarbonate, DMC), to stabilize the proteetipassivation film on the lithium
electrode.

The choice of salt is also important. The majorsiderations are related to thermal and
electrochemical stability, toxicity and cost. Altigh lithium perchlorate (LiCIg) is
moderately conductive, may be subject to violentodaposition, particularly in ether
solutions. Lithium hexafluoroarsenate (LiAsFsuffers from thermal and electrochemical
instability, which leads to formation of AsF and insoluble LiF. Lithium
hexafluorophosphate (LiRFundergoes thermal decomposition at around 30°Dearsolid
state and 130°C in solution [17].

Whittingham [18] lists the key requirements for aterial to be successfully used as a
cathode in a rechargeable lithium battery as fadtow

(i) The material contains a readily reducible/oxable ion, for example a transition
metal, in the case of LiCa(this is the reaction of C4Co*,

(i) The material reacts with lithium as fast assgible in a reversible manner.
Therefore host structure should not be changed thighaddition or removal of
lithium ions. Fast reaction means high power dgnsit

(i) The material reacts with lithium with a hidree energy of reaction.
(a) High capacity, preferably at least one lithiper transition metal.

(b) High voltage, preferably around 4 V (as limit by stability of
electrolyte).

(c) This leads to a high-energy storage.

(iv) The material is a good electric conductoefprably a metal.

(a) This allows for the easy addition or removalebéctrons during the
electrochemical reaction.

(b) This allows for reaction at all contact poibestween the cathode active
material and the electrolyte rather than at terrarytact points between the
cathode active material, the electrolyte, and tbetenic conductor (such as
carbon black).

(c) This minimizes the need for inactive conduciagslitions, which reduce
the overall energy density.

(v) The material is stable, with overdischarge awdrcharge, it does not change
structure or degrade.
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(vi) The material has low cost.
(vii) The material is environmentally benign.

The cathode materials that can fulfill the abowgureements are mainly oxides of transition
metals, which can undergo oxidation to higher vedgsnwhen lithium is removed. This
structural stability is a particular challenge dgricharging when most (ideally all) of the
lithium is removed from the cathode. During disg®alithium is inserted into the cathode
material and electrons from the anode reduce #resition metal ions in the cathode to a
lower valence. The rates of these two processesghsas access of the lithium ions in the
electrolyte to the electrode surface, control tleximum discharge current [19].

The crystal structure of cathode materials usddhium ion batteries can be classified and
discussed in 3 categories. These are;

* a-NaFeQ structure (layered oxides, typical examples af&old, and LiNiO,)
« spinel structure (LiM$D,)

« olivine structure (LIMPQ@ most commonly LiFeP£)

The layered oxides have a rock salt structure whtreim and transition metal cations
occupy alternate layers of octahedral sites inlziccalose-packed oxygen ion lattice. The
lattice is depicted in Figure 1.6.

e

Figure 1.6. Layered structure (light spheres arelheets are transition metal oxides) [18].
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The cathode material most commonly used in lithiombatteries is LiCo® It has a rock-
salt structure where the cations order in altenga(l11) planes. This ordering results in a
trigonal structureg3m) and planes of lithium ions through which lith@tiand delithiation
can occur. Although LiCo©is a successful cathode material, alternatives kaiag
developed to lower cost and improve stability. Gesluction studies focus on decreasing or
fully discarding the use of cobalt which is lessitable and more toxic than other transition
metals, such as manganese, nickel and iron. IniaddLiCoQ, is not as stable as other
potential electrode materials and can undergo pednce degradation or failure when
overcharged. The increase in charging voltage oarease the cell capacity, but can also
lead to more rapid decrease in capacity as theisatycled during recharging. Several
reasons have been given for the degradation dayioling. One is that, during delithiation,
Cc® is oxidized to C& with CoQ in the structure. Cobalt (€9 is dissolved in the
electrolyte resulting in intercalation of less iithn during discharge. Another is that the
CoQ, layer formed after full delithiation shears frohetelectrode surface, which also results
in less capacity for lithium intercalation. In atloin to these, the lattice parameters of
LiCoO, change sharply with Li intercalation/deintercalatwhich can lead to stresses and
micro-cracking of the cathode particles.

Fergus [19] listed some alternative cathode mdsetiaLiCoQ, as LiNiO,, V,0s, LiMN,O,
and LIMPQ,. LiNiO, also has ther-NaFeQ structure, is lower in cost and has a higher
energy density (15% higher by volume, 20% highemigyght) but is less stable and less
ordered as compared to LiCaQAs occupation of Ni ions in the Li site is seenthis
material, LiNy-C00,, typically containing mostly nickel (x~0.2), hasdm used. Moreover
production of LINIQ is not as easy as LiCgOAlthough vanadium oxide containing
electrodes have high capacities, they have relgtiosv voltages (typically 3V or less) as
compared to the other alternative cathode compoubdidn,O, has a spinel structure
(Fd3m), in which manganese occupies the octahedral sitek lithium predominantly
occupies the tetrahedral sites. Lij has lower cost and is safer than LiGpoBut has a
lower capacity as compared to other cathode médefme of the challenges in the use of
LiMn,0O, as a cathode material is that phase changes can aaring cycling. Capacity loss
has also been observed during storage due to uligsobf manganese in the electrolyte or
due to changes in particle morphology or crystéjlirOther transition metals, including iron
and cobalt have been added to Li®@n

Another promising class of cathode materials aresphates (LIMPG) with the olivine
structure (Pnma). The phosphate most commonly tmrethe cathode is LiFePOwhich
delithiates to FePQas the F& is oxidized to F&. Some iron ions occupy lithium sites,
which results in the formation of lithium ion vac@s to maintain charge neutrality. The
largest drawback of LiFeRUs its low conductivity. Studies concentrate omecadditions
and coatings with carbon, however, the amount efattiditions is critical as larger amount
results in decrease of the capacity by blockirguin diffusion paths.

The above discussed batteries operate at about.(.5- However; researches are also
concentrated on finding cathode materials havinghdr operating voltage (4.5-5.5 V).
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Kawai et al. [20] discussed these materials fronous studies. Although voltage profiles at
about 4.5-5.0 V can be achieved, the capaciticthese materials are relatively low. The
largest capacity is achieved with LiCoMp(®5 mAh/g) at 4.5 V [20].

The most widely used electrode couple (anode-cabhimdLi-ion batteries are LiCoCand
carbon. So the electrode and cell reactions in ¢bisfiguration are as follows and it is
depicted in Figure 1.7 [8];

charge

Positive :LIMO, = Li_MO, +xLi" +xe” (2.7)
discharge
. charge .
Negative C+xLi" +xe- = LiC (2.8)
discharge
. charge . .
Cell :LIMO, +C = Li_MO, +Li,.C (2.9)
discharge
(V)
e on Charge e” on Discharge
—_— ~
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Figure 1.7. The electrochemical process in a typiceon battery [8].
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CHAPTER 2

LITERATURE SURVEY

2.1.Formation and Production of LiCoO»,

LiCoO, has two different crystal structures: high tempeeat(HT) with ideal layered
bidimensionala-NaFeQ structure (space group3m) and low temperature (LT) with a
spinel-like structureRd3m) in which about 6% of Cd ions are located in lithium sites. As
names imply LT-LiCoQ is synthesized at relatively low temperatures sast850-400°C
whereas HT-LiICo® is synthesized at higher temperatures as 800-900Pke
electrochemical performance of LT-LiCe@ not as satisfactory as that of HT-LiCofue
to different structural arrangement and occurrermfe phase changes during Li
intercalation/deintercalation reactions [21]. Teoy® this phase changes, Gummow et. al
[22] applied detailed structural refinement of LiICbO, and LT-Li4C00;. They concluded
that phase transition between rock-salt structwe spinel-type structure during Li
deintercalation/intercalation reactions was resiidedor poor cycleability. Production of
LT-LiCoO, with stable spinel structure might lead to betigrieability according to them.

LiCoO, was firstly synthesized by Ellestad and Babbi][d 1951 and they patented their
study. They have produced LiCg®y the reaction of various Co oxides {Og Co0; and
Co0) with lithium carbonate (LCO;) at 900-1000°C. They ensured that the product was
LiCoO, by making some calculations on the available orygentent. Obviously, they did
not apply any phase determining technique.

The structural analysis of LiCgQvas firstly done by Johnston et al. [24] in 1958ey
studied the system of |Go,O,. They produced various forms of,Cio; O, by heating
CoO and LiO, at 900°C. They investigated that the lattice patamof the cubic system
decreased with the increase in lithium content. MVke0.5, LiCoQ was produced and a
rhombohedral structure was formed.

The invention that LiCo@can be used as a cathode material was made bysiMinza et al.
[25] in 1980. It was found that the measured opesuit voltage of LiCoQ is twice higher
than that of LiTi$ which was the cathode material in 1980s. LiGa@s prepared by
mixing Li-CO; and CoCQin air at 900°C for 20 hours. This preparationhudtis referred
as traditional or conventional. High temperatuseneeded for this method as starting
materials have low reactivity and mixing is insaint. This prolonged calcination causes
the grain coarsening as well as lithium evaporatitich in turn impair the electrochemical
properties of the product. So to overcome this 8emk, different synthesis methods have
been conducted. Antolini [26] listed some of thesethesis methods as sol-gel, spray-
drying, combustion synthesis, hydrothermal synthasid mechanical activation with other
less known methods such as microwave synthesifegze drying.
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Sol-gel is a widely applied method for producingcb0,. Kang et al. [27] produced both
HT-LiCoO, and LT-LiCoQ by citrate sol-gel method. 1G0; Co(NG)..6H,O and
CsHgO-(citric acid) were dissolved in the mole ratio of:2 in distilled water. The solution
was adjusted to pH 3-4 with aqueous /H by considering the solubility diagram. The
solution was evaporated at 80°C under vacuum absleguent organometallic complexes
were decomposed into organic compounds and metdé gecursor at 300°C. The metal
oxide precursor was pre-heated at 600°C for 6 handsannealed at 850°C for 20 hours in
air to obtain HT-LiCo@®. LT-LiCoO, was synthesized by heating the metal oxide precurso
at 400°C for 120 hours. They found the first disgeacapacity of LT-LiCo@as ~80 mAh/g
(at 100 pA/cr) and that of HT-LiCo® as 130 mAh/g (at 200 pA/én The cell
polarization of HT-LiCoQ is very small but that of LT-LiCogs very large.

Jeong and Lee [28] produced HT-LiCpBy mechanical activation (alloying). They used
LiOH.H,O and Co(OHyas the starting materials and the molar ratio ofadiis 1:1 in the
ball mill. They applied milling for 6 hours. Aftamilling, subsequent heat treatment was
applied at 600°C for 2 hours under air. They alsmlpced LiCoQ in a traditional way and
compared the electrochemical properties of themnpdas with that of conventional LiCQO
The discharge capacity of LiCe@roduced by various methods are in the range 014D
mAh/g but the discharge capacity of LiCa@oduced by mechanical alloying (MA) is 152
mAh/g. They have claimed that in comparison witinamntional solid state reactions, this
method of production has less expensive firing dants so it saves energy. However; the
cycleability was about 72% of the maximum valuelB0 cycles which is inferior to that of
conventional process. This was due to low crysiffliaccording to them.

Burukhin et al. [29] studied to produce LiCp®ith hydrothermal synthesis. In this method,
the reagent grade cobalt (II) nitrate hexahydrditbjum hydroxide monohydrate and
hydrogen peroxide (50%) were used as starting mdderFirstly the suspension was
produced with the addition of solution of cobaltraie to the lithium hydroxide solution.
After that, the suspension of cobalt (Il) hydroxides oxidized by hydrogen peroxide
solution. The Li/Co ratio was varied from 4:1 tol8for 3 and 6M LiOH solution,
respectively. Reactant mixtures with different Aorétios were hydrothermally treated at
150-250°C for 0.5-24 hours in a Teflon-lined awwel The heating rate to desired
temperature was 2.5 °C/min. They have studied thpepties of both as prepared sample
and annealed (550°C for 72 hours) sample. They baea that they could not produce
single phase LiCofat 120°C. They have reached a very interestinglasion that at high
discharge rate (C/2) cycleability was worse with #8mnealed sample. They claimed that this
was due to the smaller particle size and highdaserarea of the as-prepared sample when
compared to annealed sample.

Li et al. [30] produced LiCogby spray-drying process. The process was simpfglksvs:

Equivalent molar compositions of lithium acetatel aobalt acetate were dissolved in de-
ionized water and then a quantity of polyethylelye@ (PEG) was added. The solution was
dried by using spray-drying apparatus. Inlet aimpgerature was 300°C, and exit air
temperature was 100°C. Finally, the ultrafine LiG@Owder was synthesized by calcining
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the mixed precursor in air at 800°C for 4 h. Theawted powder was homogeneous and was
HT-LiCoO, having thea-NaFeQ structure type. An electrochemical test with canst
current charge—discharge confirmed that the elelsenmical property of the powder in a
laboratory coin cell was good with an initial chargapacity of 148 mAh/g, a discharge
capacity of 135 mAh/g, and capacity did not chaafger 10 cycles. The authors thought that
this behaviour was due to the particle size (20047t) of LiCoQ although they did not
make extensive discussion.

Santiago et al. [31] produced LiCe®y combustion synthesis method. For this synthesis
cobalt nitrate hexahydrate and lithium nitrate wased as oxidant reactants and metal
sources, while urea was used as fuel. The reaotats mixed in a glassy crucible able to
withstand a high thermal gradient. The mixture asnogenized with pure water and
heated on a hot plate at 350°C in contact withrtiten atmosphere. The first step of the
combustion reaction was the evaporation of the maatd the production of the gases, such
as NQ and NH. The amount of gases and the heat generated aherngpmbustion reaction
could be modulated by the nitrate/urea ratio. Alinples have been heat treated at various
temperatures (400, 500, 600, 700°C) for 12 hours.LFC0O, obtained at 700°C, the first
discharge capacity was 136 mAh/g, which was a coatpa value to that of LiCoO
obtained by the conventional solid-state methocyThelieved that at lower temperatures,
spinel phase of LiCofwas left in the structure hence the capacity vesrsahsed.

Yan et al. [32] produced LiCoy microwave synthesis. In this method, LiSCKDO.2HO0
and Co(CHCOO).4H,0 were used as the starting materials and thangtdri:Co atomic
ratio was 1:1. They were dissolved in de-ionizedewand milled at 60°C for 24 h. After
drying at 120°C for 24 h, the powder was calcined@°C for 5 h to burn out the organic
substances. Then pellets were pressed and subntdtemhicrowave calcination. The
microwave calcination was conducted in air with.452GHz microwave. The pellets were
further heated at temperatures ranging from 60®a0°C for 10 min. A single-mode
microwave heating device was used in this experini@me precursor precalcined at 400°C,
displayed two charge and discharge plateaus andishkarge capacity was only 60 mAh/g.
Through microwave calcination, the capacity of L@zdncreased greatly and reached a
maximum of 140 mAh/g when the synthesizing tempgeatvas 800°C. The microwave
synthesized LiCo®had a good cycleability. After 40 cycles, the cafyawas still greater
than 130 mAh/g, which was a rather good resul&fti/LiCoO, cell. They claimed that the
capacity increase was due to the smaller partize €00-500 nm) obtained. They also
observed lithium loss of 4% which was a very loiueawhen compared with the lithium
loss (20-30%) during the conventional method.

Choi et al. [33] produced LiColby spray pyrolysis. They began by mixing the méra

solutions of lithium and cobalt. This solution wiesl to an apparatus containing a pump,
nebulizer and electric furnace. Nebulizer was usedenerate droplets of the solution and
carrier gas took the droplets to the furnace. Hmeperature of the furnace was 800-900°C
and droplets were subjected to this temperatureofdy 1.5 seconds. The dried and
decomposed powder were heat treated at about W&GI0r 1-12 hours. They achieved a
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specific capacity of 171 mAh/g and the voltagegaatat 3.9 V for the sample synthesized at
840°C and heat treated at 890°C for 10 hours. Biniicfe size was around 5 um.

Chiang et al[34] were the first to use freeze drying for productadr.iCoO, They prepared

a suspension by dissolving a mixture of LiOH anHadbnitrate solutions. With pH value of
around 11, Co(OH)was precipitated. Precipitate was washed andifigyed for 4-5 times

in order to get rid of the nitrate ions. Then Li@blution and the Co(OHprecipitate were
again mixed at a Li:Co ratio of 1:1. The suspensi@s freeze dried. The precursors after
the freeze drying process were heat treated betd@@+800°C for 2 hours. They saw that
the sample heat treated at 100°C had shown rdiaty@od electrochemical behaviour
although the best behaviour was seen in the sahgae treated at 800°C. However; the
sample heat treated at 100°C hagCi(; as an impurity phase and this phase disappeared
with increasing of the temperature. They conductearge-discharge tests between 2.5-4.25
V and the discharge capacity was 120 mAh/g at agehaate of 0.2C. In addition to that the
charge-discharge voltage plateau occurred at abbuthe capacity loss of the powder after
30 cycles was very low. Therefore they have coredduthat freeze drying was useful for
producing cathode materials for Li-ion batteries.

Brylev et al. [35] applied freeze drying for produg LiCoO, with different starting
materials. The following combinations of salts waeed for preparing starting solution for
the freeze drying:

a) HCOOLIi.HO + Co(HCOO0).2H,0 (formate precursor),

b) CH;COOLi.2H,0 + Co(CHCOO).4H,0 (acetate precursor),

¢) LINOs.3H,0O + Co(CHCOO).4H,0 (nitrate—acetate precursor),
d) CH;COOLIi.2H,0 + Co(NQ),.6H,O (acetate—nitrate precursor)

Initial aqueous solutions containing Li and Co saft a molar ratio of 1.2:1 (in order to
prevent Li loss during heat treatment) were sprayed liquid nitrogen by pneumatic
nozzle. After this, freeze drying was applied aprassure of 5xI0 mbar for 48 hours.
Freeze dryer cooled down to 210 K (-63°C) and teamples were subjected to freeze
drying while temperature rose to 315 K (42°C). Heaatment was applied in air between
300 and 850 °C.

As can be seen from Table 2.1, all materials pesskesompletely different electrochemical
behaviour. As can be expected, better propertiésrins of capacity retention were observed
in materials with HT-LiCo@ Although the highest initial capacity was attairfier materials
containing LT-LiCoQ, capacity dropped rapidly with cycling. They exp&d the difference

in the electrochemical behaviour by the help of T@ves and impurity phases. The
appearance of cubic spinel £ led to the formation of cubic spinel LICeQLT-LiC00O,).
Moreover, CgO, retarded the transformation of LT-LiCe@o HT-LiCoO,. TG curves
proved that acetate precursors had no impurityg@bé£a0O, hence the production of HT-
LiCoO, could be achieved after heat treatment at 850°C.
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Table 2.1. Electrochemical properties and phaseposition of LiCoQ obtained from
different precursors after heat treatment at 8483

Precursor Initial !Discharge Dist%harge Capacity Phase composition
Capacity (mAh/g) of 4" Cycle (mAh/qg)
Formate 142 100 Mostly LT-LiCoO
Acetate 98 92 Only HT-LICo©
Nitrate-Acetate 145 80 Mostly LT-LiCaoO
Acetate-Nitrate 135 77 HT- and LT-LiCeO

2.2. Structure and Ordering Characteristics of HT-LiCoO-

HT-LiCoO, belongs to the oxide groups having the generahdita AMO,. Here A is an
alkali metal and M can be one or more elementsnigalifferent oxidation states.*Aons
reside between the ;heets formed by edge-shared Maztahedra. Layered AMQis
termed due to the coordination of the alkali mévatahedral, prismatic, tetrahedral) and the
number of MQ sheets per unit cell. Therefore the layered oxhes have the structures
such as 03, T1, P2, P3. [36]. Considering thissdiaation, HT-LIiCoQ belongs the O3
group in which Li ions reside in octahedral posiscand there are three MGheets. The
oxygen stacking sequence is ABCABCABC along thickatparametec. From Figure 2.1,
the 2D view and 3D view of the O3 group as welttses structure of HT-LiCo®with the
ions positioned to their sites can be seen.
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Figure 2.1. 2D view (a) [36] and 3D view (b) [3@f the O3 group. The hexagonal structure
of HT-LiCoO, and position of the ions, (c) [38].

There is a great relation between the structureedgxtrochemical behavior of HT-LiCoO
In XRD, HT-LICoG, is differed from its low temperature structure lwthe splitting of
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[006]/[102] peaks and [108]/[110] peaks. A typicaRD of both types was given by
Gummow et al. [21] which is shown in Figure 2.2.iAis seen from Figure 2.2, [006]/[102]
and [108])/[110] peaks are overlapped for LT-LiGo@hereas they are clearly
distinguishable for HT-LiCo® Gummow et al. [21] explained this difference gmeameter
related with the cation ordering of these two typewas mentioned that cobalt ions adopt a
different arrangement in these two structures.theiowords, occupation of Co ions in Li-
sites and occupation of Li-ions in Co-sites aréedént for LT-LiCoQ and HT-LiCoQ.
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Figure 2.2. Typical XRD patterns for a) HT-LiCeénd b) LT-LiCoQ [21].

The lattice parameters for HTx300O, change with lithium amount, x. Gummow et al. [21],
Honders et al. [39], and Mizushima et al. [25] hakewn that with increasing x, decrease in
lattice parametec and slight increase in lattice paramedeare observed (Table 2.2). With
these results, it can be easily inferred tiatatio increases when x in o0, decreases.

The ratio of the peak intensities of [003] and [[LQ¢os)/I[104, Will be shown as [003]/[104]
hereafter) is important for determining the ordgraharacteristics of the HT-LiCg@part
from distinguishing it from LT-LiCo@ Shlyakhtin et al. [40] claimed that high ratio of
[003]/[104] for a nanocrystalline powder (particdeze: 50-60 nm) was an indication of
anomalies of element distribution in Co sublattiG&e authors referred to the study of
Kanamura et al. [41] who claimed that the highorati [003]/[104] showed that there are
some crystal structure defects in the structuré siscsubstitution of Cdions by Li ions.
The ratio of the said peaks was about 3.5 for bbthese studies.
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Table 2.2. Change of lattice parameters when lgss than the stoichiometric amount.

Formula c(A) a(h) Reference
HT-LiCoO, 14.060 2.818
HT-Liy 8COO, 14.124 2.816 Gummow et al. [21]
HT-LiCoO, 14.060 2.815
HT-Liy:C00, 14.200 2.811
HT-LiosCOO, 14.420 2.808 Honders et al. [39]
HT-Lio 2000, 14.400 2.807
HT-LiCoO, 14.080 2.816 s |
HT-Li 401 605 14.220 2.812 'Z“S[Z'Qa etal.
HT-Li g 44CO1 0105 14.420 2.807

In contrast to that, many studies thought thahigier the ratio of [003]/[104], the better the
ordering is. One of these researchers was Arof.[42% claimed that the high ratio of
[003]/[104] shows that there is an hexagonal orden the structure which will potentially
lead to good electrochemical behaviour. He alsodiaeh a formula for estimating measure
of degree of lattice disorder, by using R. The falarfor R is as follows:

R = [102] +1106] (2.10)
1[101]
and y gives the lattice ordering;
y =1.073 - 0.228R + 0.039R? (2.11)

However; the researchers in this field do not raéeithis approach for determining the
ordering of the structure. Most of the researchese [003]/[104] ratio for ordering
determination.

Jeong et al. [43] thought in a similar manner witiof. They have thought that the intensity
of [003] peak decreases when an atom occupieseamtahLi sites in LIMQ (M = Co, Ni,

V, Cr). As they achieved high [003] peak in theindy, they have concluded that Li and Co
layers are well spaced in the structure. Jeong laeel [44] produced LiCo® with
mechanical alloying and they claimed that decrepie [003]/[104] ratio led to an increase
in cation mixing in the structure. They saw th@3{J[104] ratio decreased after sintering at
850°C for 24 hours due to the loss of lithium. diere some Co ions must occupy Li sites
in the structure due to their argument. Supporth® idea of relating the increase of
[003]/[104] ratio to the ordering property camenfr&@athiya et al. [45]. They concluded that
when the aforesaid ratio increases to a value hitjae 1.2, then this is the indication of the
absence of cation mixing, the ratio below 1.2 iaths a considerable extent of cation
mixing.
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LiCoO, and LiNiO, are similar in crystal structure. They have batlgered structures.
Larcher et al. [46] claimed that for LiNpOIf the ratio of [003]/[104] is higher than 1.8en
it can be thought that the structure is well-ordere

There are a lot of studies in the literature distwugthe production of HT-LiCofas well as
its microstructure. Many of the authors are ongide that increase of the [003]/[104] ratio is
an evidence of more ordered structure, althougha®htin et. al. [40] and Kanamura et al.
[41] are on the opposite side. The details of thevield analysis as well as the importance
of [003]/[104] ratio will be discussed in the folng chapters.

As it was previously discussed, occupation of kesiwith Co ions in LT-LiCo®is higher
than that of HT-LiCo@ Lithium ions reside in 3a positions at (0 0 @balts ions reside in
3b positions at (0 0 0.5) and oxygen ions occupypésition at (0 0 z) for HT-LiCo®
However; for LT-LiCoQ, 6 mole% of cobalt ions occupy Li sites and 4 réelef lithium
ions occupy Co sites [21]. This mixing is respolesitor the differences of electrochemical
performances of two structures leading to phasesitian during Li insertion and extraction.

2.3.Doping of LiICoO,

There are huge numbers of publications in liteeathat dope elements to LiCeod order to
enhance the electrochemical properties. Aimosstalfies denote doping with a formula of
LiCo1M,O,. Moreover there are a lot of studies that incaxes more than one doping
elements to LiCo@denoted by LiCo,.,M\N,O,. However; there are relatively more studies
that use Ni, Mn (transition metals) or Al (non-tsition metals) as the doping elements.
Although, there is no strict general rule for thifeet of alloying additions, Venkatraman et
al. [47] and Ceder et al. [48] came through a amsioh as “The doping of LiCoQwith non-
transition metals results in higher voltage witheduced capacity, whereas transition metal
ions doping yields a higher capacity with a loweltage profile”.

The literature about doping of HT-LiCoe@ill be divided in three sections, first the etfe€
common doping elements such as Al, Ni and Mn vélldiscussed, second section will cover
the literature about the dopants relating with ghbject of this thesis (Cr, Mo and W), last
section will be devoted to the discussion of tremants having the oxidation states larger
than that of Co ion (3.

2.3.1.Doping with Al, Ni and Mn

Aluminium is the mostly used element for doping.@€€00,. As usual, it is alloyed instead
of Co. Aydinol et al. [49] show by ab initio calations that theoretical intercalation voltage
of LIAIO, is about 5V. However; LiAl@is electrochemically inactive. Therefore, dopirig o
LIAIO, with transition metals and/or doping LiCoQvith Al may result in better
electrochemical property. The advantage of Al dgpinthat Al is lighter and less toxic than
Co.

Jang et al. [50] doped LiCo@vith Al for the aim of getting the formula LifCo,.,O, (y=0,
0.25 and 0.5). They applied freeze drying priocatcination at 700-800°C for 2 hours. The
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XRD vyielded a peak of a phase of Li#, at y=0.5 therefore solid solubility could not
attained at a value between y=0.25 ar5. Although OCV increased with ping of Al,
capacity fade with cycling decrea. Al doping caused broadening of the XRD pe They
explained the increase in the voltage as a refultaze electron exchange of ** with
oxygen than that of Gt

Huang et al. [S1applied conventional solid state synthesis for iobtg LiAl ,C0,.,0, (0<y
< 0.3). They got similar results wi[50] in terms of intercalation voltage and capacity
the best @ctrochemical behaviour in their study belonged Li#l ,Cy 0. It is
interesting that after a significant loss of capaafter first cycle, capacity retention could
attained for the following 10 cycl without losing the hexagonal settii cycled between 2.5
and 4.5 V.They did not observe hexagonal to monoclinic phas@&sformation ir
LiAl 01:Cy g50,. The absence of the two phase region at high vdté§gé.5 V) was als
observed by [52].

Myung et al. [53]produced LiA,Co.,O, (y=0, 0.1, 0.2 and 0.3) by applying emuls
drying method. They so applied structural analyses a function of intercalated lithiui
They concluded that doping with Al prevented the dissolutior during charge/dischar¢
cycles therefore it stabilized the LiC, structure. They calculated that the dissolu
decreased with the addition Al, Co dissolution in electrolyte (10 ml volume) sva0 pprr
for undoped LiCo@and 3.6 ppm for LiA :Co, /0,. They constructed triangle (Figure 2.3)
showing the effect of Al addition to the propertadd.iCoC,.

Capacity

— LiCo0,

— — LiCo,, Al ,0,
= LiCog 7 Al 30,

Variation
in c-axis

Cobalt
Dissolution

Figure 2.3 Effect of Al doping on discharge capacity, colshdisolution and variation in t
lattice parameter [53].
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The most recent study for producing Al doped LiGea@s done by Khan and Bashir [54].

They applied detailed structural analysis and tehjieved a single phase up to 70 mole% Al
doping which means they got a single phase of J-2dy s0.. They applied sol-gel and heat

treated the samples for 24 hours at 800°C. Theradsen of the shrinkage of interatomic

distance (lattice paramete) within a CoQ layer and the expansion of the interplanar
distance between Ceayer (lattice paramete) was observed, also.

As Ni is cheaper than Co, LiNjObecomes advantageous towards Ligo@iso higher
discharge capacity makes the former material beoeiging cathode material for Li-ion
batteries [55]. However; synthesis is so diffidhkt it cannot find widespread application in
aforesaid batteries. Generally a formula of,Ni;,,O, (0 <y < 0.2) [56] is achieved which
will eventually lead to less capacity than the dtmmetric phase. In this manner, doping of
LiCoO, with Ni becomes important.

Kinoshita et al. [55] doped Ni to LiCgn an extensive range of 10 to 90 mole% Ni instead
of Co. They produced the desired material by mixigdroxides of the metals at 850°C for
20 hours. The structure is entirelyNaFeQ for all doping amounts. With addition of Ni,
lattice parametera andc increase due the differences of the ionic radate/ben Ni and Co,

Ni is slightly larger than Co. They found the lasgelischarge capacity for LipCo, 30,
with a value of 159 mAh/g. However; this materiahnot be termed as Ni doped LiCo@

is better to define it as Co doped LiNiO'here are more studies in the literature thatedop
Co to LiNiG, than that of Ni to LiCo@ They will not be discussed here.

Julien [57] studied the extensive range of Ni dgpm LiCoQ. Although he got satisfactory
electrochemical behaviour with LigeNig :0,, the initial capacity of it was smaller than that
of LiC00_4Ni0_602.

Alcantara et al. [58] produced a cathode materith & formula Li_(Nio.14C0pg7)1+xO2 and
Li1x(NiggdC0n.191+x02. They observed that Ni rich composition had beatteersibility with
respect to Co rich composition. Worse reversibiityCo was due to the presence of thé'Co
ions according to them.

Fergus [19] claimed that the mostly used mateodataining Ni and Co is LiNigC0y ;0,. Ni
ions occupy the Li sites in LiNi©Oso that the structure is less stable and lesgentdehen
compared to LiCo® Co addition to LiNiQ makes it more ordered by decreasing the
amount of Ni in the Li sites.

Mn is another element which is widely doped to L@z0There are different cathode
materials to be used in Li-ion batteries such &8nd,, LiMn,0,, Li,Mn,Og and LuMnsO;».
Among these; LiIMgO, is more promising cathode material than LiMnO

Stoyanova et. al. [59] studied the effect of Mn idgpto LiCoG over the whole Co-Mn
range, in other words they added Mn in the amotamging from 4 to 100 mole%. They
observed that with the addition of Mn, lattice paedersa andc were increased increased
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less tharc so thatc/a value increased. Due to the authors, as ioniasadf Mr* is larger
than that of C8, this is an expected result. However; ratio of3Jffd04] decreased with Mn
addition. This was an indication of cation mixingthe structure in which tj Mn®*" and
Co* ions were disordered in the lattice. So it wasrirgd that when Mn is added to LiC9O
ordering diminished. The authors revealed that ripa@tion of 20 mole% Mn into the
layered LiCoQ caused a structural change from trigonal to cubic.

Numata and Yamanaka [60] doped Mn and Li insteacCofand they produced a solid

solution having a formula of LpsdMng s O, However; the charge-discharge tests
yielded worse results than that of LiCo@ was believed that replacement of Co ions with
Li and Mn resulted in a material having higher @tidn voltage. Moreover; it was observed
that discharge capacity decreased with the additidin ions.

Waki et al. [61] doped Mn to LiCoQn the amounts ranging from 1 to 50 mole%. They
found that the ratio of [003]/[104] did not changith the addition of Mn which contradicted
with [59]. They saw a shift of the [003] peak te tleft which indicated a change in lattice
parameterc. They have observed nearly the same behaviohotattice parametear with

the study of [59] but they added that for a sigmifit change, Mn addition should be at least
20 mole%. The addition of Mn yielded a lower paetisize. They concluded that addition of
20 mole% Mn increased the cycle life of LiCo@ue to lower particle size and/or expansion
of lattice parametes.

Zou et. al. [62] doped Mn to LiCatat an amount of 5 mole%. They observed increase in
lattice parametec andc/a as with the other authors. They saw the raticO6B]/[104] was
higher than unity indicating a perfect hexagonaleoing. They observed particle size
reduction and they claimed that this reduction tiedeasy intercalation/deintercalation of
lithium. The authors concluded that the cycle 6feLiMn Cy 9£0, Was increased so that
this material could be a candidate cathode matiriai-ion batteries at high voltages (3.5-
4.5 V). This material delivered a capacity of 158hfgr between 3.5 and 4.5 V.

Lu et al. [63] used three different Mn content fdioping. The formulas were
LiMnN .38C0y 6705, LiMNg24C0y.760, and LiMny .dC 0y sd0-. The best electrochemical behaviour
was achieved by the sample containing 20 mole% TWis was due to the inactive impurity
phase especially for LiMnL0o6/0,.. When ICP was applied to the materials, it wasisee
that the sample containing 20 mole% Mn had the dsgh.i content which led to better
cycling efficiency.

Recently, Zheng et al. [64] tried to produce LiMi@@;dy using different ratios of Mn/Co.
They saw that increasing Mn/Co ratio to a valugdarthan 1 resulted in LiMnOphases.
XRD peaks are given in Figure 2.4. Also they saat thhen Mn/Co ratio was 4/6, ratio of
[003]/[104] was the highest indicating the bestesitlly was achieved with Mn/Co ratio of
4/6 hence the formula obtained was LM 0y 60-.
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* ---LiMnO,
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Figure 2.4. XRD results of LiIMnCoGamples with the Mn/Co ratios of A, B, C, D, EG;,
H as 2/8, 3/7, 416, 5/5, 6/4, 713, 8/2, 9/1, retipely [64].

2.3.2.Doping with Cr, Mo and W

Although there occurs a material with the formul€HO,, it is electrochemically inactive
since trivalent Cr cannot be oxidized to tetravalen Interestingly reduction of tetravalent
state to trivalent state is possible. This drawb@ekes this material unsuitable for it to be
used in Li-ion batteries [65].

Jones et al. [38] studied the doping of LiGa@th chromium (Cr). They added Cr instead of
Co at an amount of minimum 20 mole%. They appligatacess where J&r,Co..,O, was
achieved by mixing LiCo@®and LiCrQ in stoichiometric amounts under argon gas at
950°C. Other methods, as well as other gases arltemperatures did not yield a unique
solid solution LiCr,Co,.,O,. Increasing the Cr content resulted in increaseath lattice
parameters as well aga value. Howeverg/a was the lowest for LiCr© They did not focus
on the ordering characteristics but the ratio dd3[[104] was near 2 for the sample
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LiCro4Cx¢0,. They did not see any improvement in the eleceaubal property, instead
they observed that the cycle life was decreasedy Tohncluded that Cr doped LiCo@as
not a good candidate as a cathode material inr_batteries

Madhavi et al. [66] also studied doping of Cr t&€hiD, and they claimed that an effective
doping was the one that the Cr content was belom@®&%. They saw the increase of both
lattice parameters, a andc/a for the Cr additions between 3 and 20 mole%. Tresults
with lattice parameterg, a and c/a were similar to the Jones et al. [38]. Although
[003]/[104] ratio was near 3 for Cr doping levefslO mole%, it decreased to 1 for doping
with 20 mole%. This might be an indication of th&tion mixing in which Cr ions were
located in the Li sites. Impurity phases like Li@iHd CoO were seen in all their samples
containing Cr, but Cr containing impurity was notrhed. The electrochemical behaviour in
terms of capacity and voltage was not satisfactory.

Another study that focused on Cr doping of LiGaas performed by Pan et al. [67]. They
studied the Li-MAS NMR (magic-angle spinning nucl@aagnetic resonance) of the local
structure of the Cr doped LiCe@nd concluded that as the resonances in the Li NMR
increased with the addition of Cr, this was andaton of Cr appearance in the local Li
cation coordinates.

Zou et al. [68] claimed that splitting of [006]-[2PDand [108]-[110] peaks were an indication
of uniform ordering of lithium and other metals time structure. They also claimed that
abnormal height of [003] ([003])/[104] ratio was hay than 10) meant a deviation from
perfect ordering which was an interesting statemathough they did not compare their
results with pristine LiCog) the electrochemical behaviour of the Cr dopedmarhad the
highest first capacity, but lowest reversibilitynice lowest cycle life when compared with
the other dopants (Zr, Sn, Bi). After the first keycthe capacity of Cr doped sample
decreased about 40%.

Needham et al. [69] studied doping of 2 mole% M&ioO,, to produce LiMg L0y od0-.
According to their findings lattice parametarandc were increased when compared to HT-
LiCoO,. Interestingly, they claimed that at value was larger than 4.899, there was no
significant cation mixing in the structure. Theg@kame into a conclusion that the structure
was ordered by the ratio of [003]/[104] which wasger than 1 as well as the splitting of
peaks [006]-[012] and [108]-[110] were occured.haltigh, they indicated that there were
minor amount of secondary phases in Mo-doped saghpdeto the synchrotron radiation
XRD, they discussed the electrochemical propeases single phase LiM@ Loy o0, could

be produced. They observed a little decrease & dife with Mo doping when compared to
pristine LiCoQ. They claimed that occurrence of secondary (intpumphases led to a
decrease of Li content in LiCg@esulting in higher Co than the stoichiometricueal This
eventually caused more €adons in the structure which degraded during cgrlin

Although it is believed that comprehensive literataearch was conducted, there is only one
more study focusing on the doping of Mo to LiGo@®ukamoto and West [70] conducted a
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study that investigated the electronic conductieityange of LiCo@when it was doped with
several elements such as Cr, Mn, Mo, W, Mg, Ti, A, Si, B, Al etc. They only gave
information of the secondary and/or impurity phasesurring during doping. With 5 mole%
Mo doping instead of Co, they saw that there o@zlien impurity phase which could not be
identified. They also doped 5 mole% W to LiGolor the same purpose. With this amount
of W doping, they determined that there occurredurity phases as pVO, and LyWOs.
With 5 mole% Mn, impurity phases of LiM@; and CgO, were seen. They did not display
any impurity phase when doped with 5 mole% Cr. ighest increase in the conductivity
of LiCoO, was seen when it was doped with 5 mole% Mg.

2.3.3.Doping with Ti, Si and Zr

The doping studies in the literature mainly focasdoping with an element having the same
oxidation state with Co or they always assume thatoxidation state of the dopant is 3.
However; this may lead to wrong discussion of tbsults especially the electrochemical
results as charge compensation mechanisms sucledastion of C3 ions to Cd&,
generation of vacancies and oxidation of ®ns may occur during doping. Therefore,
discussion of the effect of doping elements hawigher oxidation state can be useful in
order to understand the electrochemical and straldbehaviours better.

Jin et al. [71] studied the doping of Si to LiCo@ the range of 1 to 35 mole%. The
motivation of their study was the strength of thi€3onds which was expected to increase
the structure stability during charge-dischargdsteBoping of 35 mole% Si resulted in
impurity phase. In contrast to that; 1 mole% dopirigch was a material with the formula of
LiSig0iCy 90, yielded the best cycling efficiency. They attribditthis behaviour to the
change of C8 to Cd* when doped with $i in order to compensate charge. lodometric
titration showed that this approach was valid sitheeoxidation state of Co decreased from
2.94 for undoped sample to about 2.85 with dopinglomole% Si and to 2.54 with doping
of 35 mole% Si. Moreover; with Si doping, the peldisize was lowered. The voltage
profiles of Si doped samples were better thandhahdoped LiCoQ

Needham et al. [69] doped LiCe@iith Zr but they claimed that they observed seamnd
phase in their structure which was inactive andebesed capacity retention. They did not
see any improvement in the electrochemical perfon@af the Zr doped sample.

Kim et al. [72] studied the doping of Zr in the ganof 1 to 10 mole%. Impurity phase of
ZrO, was seen when LiCgOwas doped with 10 mole% Zr. They obtained better
electrochemical results especially in reversibifity the sample LiZyyCoyodO> Which they
attributed this to enhancing the structure stabdit LiCoO, with Zr doping. They thought
that Zr ions moved to the surface and formed aimgéhat prevented the dissolution ofCo
ions into the electrolyte. According to them anotlreason for structure stability lied in the
fact that when Li deintercalated, Co moved to the inter-slab spaoaudse of the vacant
ordering. As C%' ions have smaller ionic radius thari iéns, this space was narrowed and
the intercalation of Li ions became difficult. Znis moved to this inter-slab space during
deintercalation and as the ionic radii of Zr andaté nearly same, narrowing of the space
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was not seen. This led to stabilization of LiC, structure. This is schemcally illustrated
in Figure 2.5.

Li*|Lid Co* ——Li*|Li*

Li* | Li*ed— Li*ed, «Li

Figure 2.5 Schematic represantation of ir-slab space; (a) LiCo) Zr or Mg dopec
LiCoO,[72].

Gopukumar et al. [73jloped Ti to LiCoQ@. Theysaw secondary phases beyond the do

levels of 10 mole%. With -Ray Absorption Near Edge Structure (XANES),y confirmed

the presence of Gbions in 1 mole? doped sample. They did nobserve similar behavit

for 5 mole% doped sample and they claimed that thisduago the inhomogeneous mixi

of Ti ions. Although the first char¢-discharge loss of LifhCooO, was larger than
LiCoO,, it showed better cycling performance thereafecording to the authoi this loss

was due to the inactive ** ions in the structurehowever they believed that the struct

became more stable due to therge compensation of bion.

2.4.Freeze DryingSynthesiing of Battery Materials

As it was previously stated in sem 2.1 ofthis chapter, freeze drying was firstly applied

Chiang et al. [34for producing layered LiCo,. Later, Brylevet al.[35] also used this
process for the same aim. Jang et[50] doped Al to LiCoQ with freeze drying. Thes

studies were discussed in relevant sections ofitdrature survey. Therefore this sectior

devoted to the application of freeze drying to thattery materials (especialcathode
materials) other than LiCc,.

The most widelysynthesized cathode material by freeze drying FePRi(,. Palomares et al.
[74] applied freeze drying fcproducing LiFeP@for the first time. In order to increase t
conductivity of LiFeP(, carbon was added during synthesis. Tdisgolved he source of
Li, Fe, P and C in water and freeze dried the swiufor 48 hours. They did not give t
details of freeze dryir (temperature and vacuum values). According to t the choice of
freeze drying woulde beneficial to get homogeneous distribu of reactants. They als
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thought that they need lower annealing temperatireproducing desired product. At the
end of the process, they heat treated the presuetoB50°C and 600°C under nitrogen
atmosphere. As a result, they obtained the prodacing similar discharge performance
with those prepared by other methods although thédynot receive perfect homogeneous
morphology. Even if their product contained 16.1lef6 C, it had low conductivity value.
Therefore they could lower the C content. By théswhey could increase the active material
in their product. From Palomares et al. [74], isvilaferred that freeze drying could be used
for synthesizing LiFeP©

Koleva et al. [75] incorporated freeze drying irithstudy for controlling particle size and
carbon content. By changing the concentration ef gblution concentration, they could
control both the particle size of the precursord #re end-product LiFeRQas well as the
carbon content. The ratio between the componentghénresulting solution was Li
Fe':PO>:HCOO = 1:1:1:2 and the concentrations was used as 0.G6MJ and 0.2M
(with respect to metal ions). The solution was émmstantly with liquid nitrogen and dried
in vacuum (20-30 mbars) at -20°C for 17 hours. Tapplied heat treatment at temperature
of 400, 500 and 600°C. At the end of their studieyt achieved the best result with the
experiment having the lowest molarity (0.05M) andderate annealing temperature
(500°C). This sample had particle size of aboutn&h narrow particle size distribution
(about 40 nm) and carbon content of about 2.3 w#gh

Shlyakhtin et al. [40] synthesized LiNMny O, and Xu and Yang [76] synthesized MnO
as the cathode materials in lithium batteries bpgifreeze drying of 48 hours and 24 hours,
respectively. Moreover, Schlérb et al. [77] dopeiih,O, and MnQ with Bi by using
freeze drying but they gave no further informataiher than remarking of usage of freeze
drying.

With above pioneering studies, recent years wittgksgidespread application of freeze
drying for producing LiFeP© Freeze drying is preferred as it can providearnif particle
size distribution which seems very important fathcale materials. It can be anticipated that
freeze drying will be used for producing cathodeterials in batteries technology in the
future.
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CHAPTER 3

BACKGROUND of the METHODS USED IN THE STUDY

3.1.Freeze Drying (FD)

Freeze drying is a name of a process applied dunipgchemical synthesis of materials.
Synonyms for freeze drying are lyophilisation andyodesiccation. The industrial
application of freeze drying dates back to WorldrWalue to the increase need for human
blood [78]. Freeze drying is widely used in pharmgical industry since the products in this
industry are heat sensitive and freeze drying desrat lower temperatures. According to
Baresi et al. [79], this process is used for vaeigiroducts as it deals with very low
temperatures, it needs vacuum and drying is veny.sThese requirements inevitably make
the process expensive so valuable products casduk Tiretyakov and Shlyakhtin [80] listed
the application areas of freeze drying as ferritesnposites, catalysts, resistive materials,
phosphors, superionics, high temperature and miagsigberconductors. The use of freeze
drying for synthesizing battery materials have @ased in the last few years.

In cryochemical synthesis, the first stage is prag@n of the single or multi component

solution containing the components of the targetensl in a stoichiometric ratio. In most

cases, aqueous solutions are used, though it Bbp®go use other solvents such as tert-
butanol, acetic acid, benzene, toluene, etc. Tlepgred solution is then subjected to
freezing. Unlike biomedical studies, where slow loap is used, freezing of aqueous

solutions in cryochemical synthesis was performgdalst cooling. This process is usually
realized by spraying the solution into liquid ngem via a pneumatic nozzle or ultrasonic
nebulizer under intense mechanical stirring.

The next important stage of synthesis is the frelegag process. Low temperatures and
reduced pressures are selected such that the dmyiags minimized, while preventing the
formation of liquid phase. Temperature should bhgelothan 0°C and as low as possible
when freezing of solutions are applied, howevemust be gradually increased and most of
the time of drying should be spent at temperatinetsveen -5°C and -15°C in order to
increase the driving force hence rate for soligde phase transformation. Trays are used for
pouring the solutions and freeze-drying is appliaddevices containing temperature-
controlled shelves. Working pressures of 5 ¥ fibar or less are used during operation. The
main drawback of the freeze-drying process isdtgylduration. Depending on the amount
and type of product and the geometry of the frergeng machine, the process takes from
several hours to several days. After freeze dryingan be thought that the product is
completely dried but two more processes are netdédish freeze drying. Unfrozen water
may remain in the product and it is removed by fthreaise of the temperature of the
shelves under vacuum. This process is called secpritying. Lastly, the condenser is
heated for the melting of the ice collected on it.
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In most cases, freeze-drying is not the final siafgine synthesis process. Its product needs
further processing in order to be converted to fihal oxide or metal powder. These
subsequent thermal decomposition and powder priocetechniques are the same or similar
to other chemical methods. Essential features dfi smmponent freeze-drying products are
their high chemical homogeneity, often leadinghe formation of complex oxides just in
the course of thermal decomposition, and the lolkk bansity of the powders. From Figure
3.1, the processes in cryochemical synthesis caedr [81].

Solution of
Liquid
nitrogen
Multicomponent
solution preparation -
Cryocrystallization

|

Granules of frozen
AB solution

Freeze drying

[ >

Dried AB powder o

Thermal decomposition

Oxide powder < |-I

Figure 3.1. The process of cryochemical synthédig [
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3.2.Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is a widely used electrogtieal characterization technique in

which the working electrode is subjected to lingadmped potential. The difference from

linear sweep voltammetry is that at a defined ¢tipotential, the potential is reversed. This
cycle can be applied many times. While the eleerdsl subjected to potential, the

correspondent current is measured. At the endeofest, a plot of current versus potential is
constructed which is called cyclic voltammogranorfrthis plot, wealth of electrochemical

data is gained which contains kinetic and thermadyie details of the working electrode.

The potential cycle and a typical cyclic voltammeagrare given in Figure 3.2.

E; and E in the upper part of Figure 3.2 must be chosethatoltages that reduction and
oxidation will occur in between. In the lower paftFigure 3.2, |, and k. belong to anodic
and cathodic peak potentials. Similarly and j. belong to anodic and cathodic peak
currents.

Considering that there occurs a redox reaction éatwA and B, it is likely that a plot of CV
for this redox reaction will depend on [82];

» Electrochemical rate constant and formal potenfi#@l/B couple,
* The diffusion coefficients of A and B,
* The voltage sweep rate(V/s) as well as Eand E.

From the peak voltages and peak currents obtainethgd CV, some indicators for
determining reversibility of the process can benthuFor a process to be reversible three
conditions must be met. These conditions are &snsl

a. AEp =0.059/n,
b. ipdipc=1
C. ip(ipa@nd/or ) is linearly proportional to?

where;
n; number of electrons involved in the redox pesce

AEy = (Bpa— B, in V,

I,a @nd j, anodic and cathodic peak currents in mA, respelgti
v, voltage sweep rate or scan rate in V/s.
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- anodic (oxidation)
- Li deintercalation
- charging

- cathodic (reduction)
- Li intercalation
- discharging

1 E (V)

Figure 3.2. The potential cycle (upper curve) amgpacal voltammogram during CV.

The first condition can be estimated easily by Ingkat CV for peak potentials. Although
the estimation of second condition seems as easthedirst condition, estimation of
cathodic peak current is complicated since thetlogaf the proper baseline for this scan is
important. Some approaches were offered for thablpm. The first one is directly reading
the peak cathodic current. The second one is tw draangent line (extrapolating the
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cathodic line) to the cathodic scan as done inrei@2. If CV is much more complicated,
then the method offered by Nicholson [83] can bedus

The last condition is relating the peak currentosto scan rate by using Randles-Sevcik
equation. At 298 K, this equation is given as;

i, =2.69%10° xn’? xAxD"2 xCx 2 (3.1)

where;

A, electrode area, ém
D, diffusion coefficient of electroactive speciés(ion in LiCoQ, material), crfs
C, bulk concentration of electroactive species,esmﬁ

Linear increasing of the peak currents as a functibthe square root of scan rate is an
indication for the kinetics of the redox reactidn.order to find the linear dependence of
peak current and scan rate, plot pfversusv is drawn. Perfect linear relationship is an
indication of better reversibility provided thatet two conditions are met. If perfect match
cannot be achieved, then a best line can be drahaslope of this best line/#) can be
used to estimate the anodic and cathodic diffusioefficients of the redox reactions as
values of A, C and n in Equation 3.1 are knowndorelectrochemical process. Figure 3.3a
shows the change of peak potentials and currerits sgan rate. Figure 3.3b is helpful for
understanding the importance of relation betweenpbak currents and scan rate. In this
figure, as the gap between the anodic and cathodient peaks is increasing then the
difference between the anodic and cathodic reaattdaes with scan rate is increasing.
Moreover, as the cathodic slope is larger than iengldpe, than the diffusion coefficient of
cathodic reaction is larger than anodic reaction.

In addition to data acquired from current versuensi@ate plots, the difference between the
anodic and cathodic potentials can be found widpe&et to scan rate from CVs. Plot of
potential versus scan rate gives important datautaloe polarization (overpotential)
resistance of the working electrodes. It is desited the gap between anodic and cathodic
peak voltages is small. This gap is directly relatgth the polarization resistance of the
electrodes. In other words, the smaller the gaphis,smaller the polarization resistance.
From Figure 3.3c, a typical plot of potential veysgan rate can be seen.
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3.3.Electrochemical Impedance Spectroscopy (EIS)

The concept of electrical resistance is very wiathkn. It is simply the resistance to the flow
of electrical current. This term is formulated blgr@s Law as;

R=Y (3.2)

The use of this relationship is limited to only ociecuit element, ideal resistor. While
mentioning ideal resistor, three simplifications aonsidered [84];

a. It follows Ohm's law at all voltages and currents
b. The resistance is independent of frequency
c. Alternating current (AC) and voltage are in phasd wach other

These statements are true under direct current (@@dlitions. However; when there is a

circuit under alternating current conditions, thermge of resistance with voltage and current
IS not as easy as in Equation 3.2. There are nmmplex relations between circuit elements
as well as voltage, current and so on. So anoémner is defined called impedance which is

also a measure of resistance but does not haveghietions above.

Electrochemical impedance is conducted by applypi@gvoltage to the electrochemical cell
and the current through this cell is measured. &ibee impedance spectroscopy is a
powerful tool for examining complex electrochemicahctions and processes. This is an
important advantage for EIS but there are more rtdges as time-dependent and
quantitative data can be collected. Moreover, dum@pplication, no destruction or any
similar degradation of the cell is seen as theisesbn-invasive. The largest disadvantage is
the need for extensive and complex analysis fergneting the collected data.

The principle of EIS is mainly related with the fpebations which shift the electrochemical
system from steady state to non-steady state. tkeat which it reaches to new steady state
depends on the reaction rate constants, diffusiefficients, charge transfer resistance and
double layer capacitance. In order not to move aina@y linearity, small perturbations must
be applied so that limiting forms of mathematicgdressions can be used [85].

The perturbations applied to electrochemical sysieenusually sinusoidal [86]. For applied
voltage and current;

V(t) =V, sin(wt) (3.3)
I(t) =1, sin(wt + @) (3.4)
where;
V(t) and I(t) are the voltage and current at timeVfand | are voltage and current
amplitude,w is the radial frequency (in rad)swhich is equal taw=2rf where f is the
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frequency in Hertz (Hz.) @ is the phase shift by which voltage lags the curr8chematic
representation of this lag is given in Figure 3.4.

While applying EIS, the frequencies ranging fro@10Hz to 16 Hz can be used according
to the device used. This wide range allows the detm@nalysis of the circuit elements.

Vorl
re
N

d/w

Figure 3.4. The perturbation of voltage and respaisurrent [86].

As it was stated before, impedance is analogousessstance, therefore impedance is
estimated with below formula;

2=V
I(t)

z=7'+jz" (3.6)

=Z.e” (3.5)

Z has a magnitude 0f,ZVy/lo) and a phase ob . In Equation 3.6, j=(-f)and z'and z" are
the real and imaginary part of Z, respectively. &@pn 3.5 is the value of impedance in
polar form and Equation 3.6 is the value in Caaestoordinates (standard form). The
equivalence of polar form and standard form is pdoby Euler relationship and they are
shown in Figure 3.5.
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Figure 3.5. lllustration of real and imaginary gast impedance in both polar and Cartesian
forms [86].
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Figure 3.6. Nyquist plots for different circuit edlents [86].

As implied before, direct reading of EIS data i¢ possible so the data must be fitted to
circuit elements such as resistors, capacitancecandtant phase elements. The plot of
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imaginary versus real part of impedance is callgduist plot. This plot can be seen in
Figure 3.6a through 3.6d for circuit elements ciitg only resistance (3.6a), only
capacitance (3.6b), resistance and capacitanaigsq3.6¢) and resistance and capacitance
in parallel (3.6d).

Nyquist plots have the disadvantage that it ispussible to see the values of frequency and
phase shift. However; with Bode plots this drawbackvercome. From Figure 3.7, Bode
plot and Nyquist plot can be seen for the sameuttittaving resistance and capacitance
(Figure 3.6d) parallel to each other.
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Figure 3.7. a) Bode plot and b) Nyquist plot ofrawit having resistance and capacitance in
parallel.
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Alternative parameters can be used as the veeigslof Bode plot likeZ,, Z'and Z" .

3.3.1.Equivalent Circuit Elements in Electrochemical Cell

It is usually common practice to express the eabetiemical cell with fitting it to an
equivalent circuit. At least three parameters nmhestconsidered for this purpose. These
parameters are electrolyte resistancg, (Bouble layer capacitance f)ICand impedance of
the charge transfer which is called faradaic impedaln this circuit faradaic impedance and
double layer capacitance are parallel with eackrothile electrolyte resistance is series to
both. When electroactive species are present irptbeess then faradaic impedance will
become simply charge-transfer resistange, R

In every electrolytic solution, the electrolyte sl®ohmic resistance to ionic movement
between the electrodes which is called electrobgistance (Ror Ry). This resistance
depends on ionic concentration, type of ions, teatpee and the geometry of the area in
which current is carried. For batteries, this tasrsimply related with the resistance of
movement of electrochemically active specieSiflLLi-ion batteries).

Double layer capacitance {Cis an important electrochemical circuit elememick forms
through the interface of all electrodes in elegttiolsolutions. This double layer is formed as
ions from the solution "stick on" the electrodefaoe. Charges in the electrode are separated
from the charges of these ions. Therefore ordesfrgpsitive and negative charges occurs at
the interface. This ordering is depicted in FigBr& The separated charges form a capacitor.
Double layer capacitance is influenced by the cbhahtdontent of electrode, the potential of
the electrode, roughness of the surface of thearetis, types of ions etc.

oV | 2.5V |
|Negative Positive = Negative Positive |
electrode electrode electrode electrode
Electrolyte Electrolyte
'Y 7‘:
- G ‘\
[ B g @
Activated> ¢ (Activated Charge 5 ;
carbon | e carbon Q Activated
Q - carbon
oo a— £
% +
o (2_ Discharge -
ce & [
Y (e}

Figure 3.8. Schematic illustration of double lagarcarbon electrodes [87].
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Charge-transfer resistance (jRoccurs when a single kinetically controlled réactis
considered. When a metal electrode is immersed ielectrolytic solution, the metal will
dissolve into the electrolyte according to the tiead84];

Mz M +ne” (3.7)

With above reaction, metal moves in electrolyte levheélectrons enter in the metal.
Consequently charge is transferred. This transdsréhcertain speed which depends on the
kind of reaction, the temperature, the concentnatd the reaction products and the
potential. Expectedly, charge-transfer resistaR;g (lecreases the speed of charge transfer.
The equation for charge-transfer resistance isddynusing Butler-Volmer Equation which
can be used when bulk and surface concentratiom$eofrodes are same and polarization
(overpotential which means the deviation of potdritom the value at open circuit= E,y
Eocv) depends only on charge-transfer kinetics;

.. nk nk
Butler-Vol E tion; i=i,|exp|a—n|—-exp| —-(1-a)— 3.8
utler-Volmer Equation 0{ p( T r]j IO( ( )RT nﬂ (3.8)

where;

i is exchange current density,
o is symmetry factor

when overpotentialh) is very small then*ds equal to 1+x [88] and Equation 3.8 becomes to;

.. Fn
|:|Oﬁn (3.9

n /i has units of resistance [88] so charge-transféstease is;

- RT

= 3.10
nFi, ( )

ct

At high frequencies, impedances of double layelacdgnce and charge transfer are small.
So, intercept of the semicircle at the real axiggithe electrolyte resistance. In contrast to
that, at lower frequencies, the impedance of theblo layer capacitance becomes

significantly larger than charge transfer resistarmnd the impedance spectrum is dominated
by electrolyte and charge transfer resistance ftequency intercept of the real axis). Hence

the diameter of the semicircle gives the magnitofdeharge transfer resistance. Figure 3.9
illustrates electrolyte resistance and charge-teamesistance on Nyquist plot.
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Figure 3.9. Nyquist plot for a simple electrochemhicell [86].

The Nyquist plot in Figure 3.9 does not containfudifon effects. In the presence of
diffusion, faradaic impedance is subdivided intoo twircuit elements; charge-transfer
resistance and mass-transfer impedance which ascaléed Warburg impedance (Z By
using some mathematics, an equation for the rehlraaginary parts of Warburg impedance
is achieved.

o .0
Z, =——|— 3.11
vIE o N
where;
RT 1 1
g= + (3.12)
2c2 8 /5 . N
nFAN2 D?co DééCR
where;

D,and D, are diffusion coefficients of oxidized and reducsgecies, respectively.

Similarly, c;and cpare surface concentrations of oxidized and reduspdcies,
respectively.

From equation 3.10, it is seen that real and imagiparts of Warburg impedance are equal
so it must be shown as an inclined line with maldg with real and imaginary axes. An
equivalent circuit called Randles circuit is givienFigure 3.10 where faradaic impedance is
expressed as charge-transfer resistance and Wantoegance.

Warburg impedance is simply the resistance to difflusion as Equation 3.12 implies and
during EIS low frequencies are needed to estintagearnpedance.
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Figure 3.10. Randles circuit with Warburg impedaacd the associated Nyquist plot [86].

Another parameter used in electrical circuits fardelling electrochemical cells is constant
phase element (CPE). It is a capacitor which isl teemodel the non-ideal electrochemical
cells. In fact, electrochemical cells always behawgr-ideally. Replacing of the capacitance
by CPE results in better fit of the proposed elealr circuit model to elements in
electrochemical cell. Lvovich [89] listed some bé&telectrode properties where CPE results
in better fit than capacitance. Some of them agetedde inhomogeneity, surface roughness,
electrode porosity, nonuniform potential and cutrréistribution at the surface as well as
slow and uneven adsorption to the surface [89]. ddngation for the impedance of CPE is
given as;

e (j("))a Yo ( )
where;

Y, = capacitance
o = angular frequency

and o takes a value between 0 and 1, generally 0.9. When1, it describes an ideal
capacitor and when it is 0, it describes an idealstor. During fitting, CPE makes the
semicircles more depressed. Andre et al. [90] ddfinas depression factor. As the model
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cannot satisfactorily fit to data without depressiactor, CPE lets the model be fitted to the
experimental data more closely. Nyquist plot shgwiine change of the semicircle wiih
values is given in Figure 3.11.
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Figure 3.11. Nyquist plot showing the effectoofalue to the shape of semicircles.

For estimation of capacitance from CPE, differgmtraaches are used. Hsu and Mansfeld
[91] offered an equation 3.14 for parallel conneetof CPE and resistance (R) whereas
Brug et al. [92] offered equation 3.15 for thiseygf connection;

C = Yo (e ) (3.14)

wherew,,,, is the frequency of the maximum af .

C - (YO XR):U(x )

- (3.15)

The validity and comparison of these equationsleseussed in section 6.5 of this study.

Apart from the above discussed circuit elementsraadels, in order to see the behaviour of
battery materials during operation, many modelsHzaen proposed. The most widely used
model for Li-ion batteries is the one that has todal impedance of surface film. These
models were discussed by many authors, some exsrapethe studies of Bruce and Saidi
[93], Levi et al. [94] and Zhang and Wang [95] .

Bruce and Saidi [93], in their study with,LiS, electrode, showed that an ionically
conducting film could form on the surface layerimdkrcalation electrodes when they are in
contact with liquid electrolytes. To represent thémyers, series connection of electrolyte
resistance with resistor and capacitor in parali¢gh each other is added to the equivalent
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circuit of simple electrode which is shown in Fig8.10. Bruce and Saidi [93] claimed that,
the resistor and capacitor represent ion transgudt polarization, respectively. With these
additional circuit elements Nyquist plot contaimeanore semi-circle at higher frequencies.
An illustration of Nyquist plot having surface layglements is given in Figure 3.12. In the
figure, inlet is the enlargement of the semicitmdonging to surface layer resistance.

250 T T T T
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a 20 A
= 200 | } ‘f.’ e
8 0 6 kHz .‘. lf
c I 15 mHz
% 150 /,j 4
8_ % 30 %0 E) /.
E A
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= 0.05Hz 9 "s  1mHz
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0 L 1 1

50 100 150 200 250
Real Impedance/ @

Figure 3.12. A Nyquist plot having two semicirclasmbers belong to frequency values
[96].

With addition of resistor and capacitor, equivaleintuit of an electrode contains electrolyte
resistance (R, surface layer (film) resistance R charge transfer resistancejRconstant
phase element for surface layédr{ or ®s or dg) and double layerd), respectively. This
circuit is depicted in Figure 3.13a and definedasace layer (SL) model.

In an electrochemical cell, when a surface layadesitified, this layer grows outwards with
passage of time on open circuit. With the growihghes layer, increase inRand decrease
in ®g are expected. This phenomenon can be observetiygsthe cathode materials for a
relatively long time in an air-tight cell. The rétsuof this application are discussed in section
6.5. Zhang and Wang [95] claimed that growth offane layer hence increasing of
resistance with decreasing temperature and inorgagcles was seen.
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Figure 3.13. Electrical circuit models used in ttisdy, a) SL, b) AD, ¢c) mAD models

Bruce and Saidi [93] proposed another model whigly talled as adatom (AD) model. The
associated electrical circuit can be seen in Fidui@b. A pictorial representation of this
model is given in Figure 3.14 by Zhuang et al [9id]this model, instead of formation of
surface layer, they claimed that solvated ionsha electrolyte just near the electrode have
partially desolvated and form an atom adsorbechemetal surface by transferring electron
from the electrode. This atom was defined as adimtording to them [93], this adion
diffused across the surface and at a suitable alngdte, it lost its remaining solvent
molecules and became incorporated into the laffiberefore, in this circuit (Figure 3.13b),
Rt Shows resistance to lattice incorporation,; Yépresents Warburg diffusional impedance
(W) and ®s shows constant phase element of surface whichndepen the surface
concentration of adatoms. In Figure 3.184,involves G (surface capacitance) ang,£an
impedance term introduced by Bruce and Saidi [28] dompensating rough nature of
electrode surface. Figure 3.13c is the modifiedieer of adatom model (mAD).

47



loss of remained solvent
and inserting into bulk

surface »
diffusion "
h 4

’f

Y
partial ’ \

desolvation  fully solvated
lithium

Insertion electrode Non-aqueous electrolyte

Figure 3.14. Pictorial representation of adatom eh¢@i7].

Zhuang et al. [97] remarked that the origin of higlguency semicircle which belongs to

surface film resistance is debatable issue foobhigells. For surface layer model, this means
the migration of Li ions through the surface filnmie it is considered as solvated or lost
solvated of Li ions for adatom model. In other wgyrthe semicircle gives the resistance of
cation losing part of its solvent molecules.

According to them [97], for adatom model second is&ole represents the ion losing its
remaining solvent molecules and enters the hostdatTherefore, both models ascribe
second semicircle as charge transfer resistance.

Many authors studying impedances in Li-ion batgemneere on the side of surface layer
model as solid electrolyte interphase (SEI) ocauthese batteries. It is certain that the main
and important difference between surface layer atatom models lies in occurrence of
surface film. Difference in charge transfer resis&@a is not dominant to explain the
differences of these models.

Throughout this study, the three models depictdeignre 3.13 were used for fitting the EIS
data. The results were discussed in detail in @edhi.5. Constant phase elements were
introduced in order to better fit the model to réfd although Bruce and Saidi [93] used
capacitances in their models.
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CHAPTER 4

EXPERIMENTAL PROCEDURE
4.1.Powder Preparation

During the study, the chemicals used for produéiitgLiCoO, are listed below:

e Lithium Nitrate (LiN); LiNGs.

e Lithium Acetate (LiA); CHCOOLI.2H,0

e Lithium Hydroxide (LiH); LiOH

e Cobalt Nitrate (CoN); Co(N¢»..6H,0O

e Cobalt Acetate (CoA); (C¥O0),Co0.4H0

«  Chromic Acid; CrQ

¢ Amonium Chromate (AmC); (NH4ECrO,

¢ Amonium Heptamolybdate Tetrahydrate (AMoT); (N&M0;0,4.4H,0

* Manganese Acetate Tetrahydrate (MnAT); ¢CB,)2Mn.4H,0

¢ Amonium Tungsten Oxide Hydrate (AWOH); (WW1,039.XH,0, x=4.8

Two different methods were used in this study teppre HT-LiCoQ powders. The first
method was termed as acetate-nitrate method and iy, CoN and CoA were used as
starting chemicals in this method. The second neethas hydroxide method and LiH and
CoN were used as starting chemicals in this method.

4.1.1.Acetate-Nitrate Method

As previously stated acetates and nitrates ollithand cobalt were used in this method. Li
and Co acetate or nitrate as well as doping elenfeilit be abbreviated with M,
corresponding to Cr, Mo, Mn and W dopants) contgjréghemical was dissolved in distilled
water separately until clear solutions were acldeVWéen Li, Co and M containing solutions
were mixed and stirred for further 10-15 minutesxed solution was quenched to liquid
nitrogen in metal trays. After the solution was gdetely poured, metal trays were put into
freeze dryer which was cooled down to -40°C befagperation. The vacuum is about 30
mtorr during freeze drying.

After freeze drying process, the dried powders wargjected to pre-calcination at lower
temperatures like 250-400°C for 1 or 2 hours. Rdeised powders were divided to the
number of different calcination temperatures andewfarther subjected to calcination at
higher temperatures between 400-850°C for 1-24shdtalcined samples were immediately
taken out from the furnace and characterizatiohrtigmies were applied. From Figure 4.1,
flowchart of acetate-nitrate method can be seen.
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4.1.2.Hydroxide Method

As previously stated, lithium hydroxide and colréitate were used in this method. Solution
containing LiH and CoN were prepared separately @oN solution was slowly added to
LiH solution under control of pH around 11. WithslpH, cobalt hydroxide, Co(Ok)was
precipitated. Then the solution was hold at roomperature for least 12 hours in order to
complete the precipitation of Co(OH)rhen the precipitate was washed for 4-5 timeg wit
LiOH solution (pH ~ 11) for getting rid of nitratspecies by applying decantation and
centrifuging. After having rinsed the precipitét®roughly, stoichiometric amounts of LiH
and M containing solution were added to the préamipiand stirred until the precipitate was
dispersed in the solution, a suspension was adhid¥es suspension was quenched to liquid
nitrogen in metal trays. After the solution was gbetely poured, metal trays were put into
freeze dryer which was cooled down to -40°C befaperation. The vacuum is about 30
mtorr during freeze drying.

After freeze drying process, calcination was agbkédth the same procedure of acetate-
nitrate method. From Figure 4.2, flowchart of hydde method can be seen.

4.2. Applied Characterization Techniques

4.2.1.X-Ray Diffraction and Rietveld Analysis

The obtained samples were subjected to XRD analygisising the XRD apparatus of
Metallurgical and Materials Engineering DepartméRigaku DMAX 2200). XRD was
applied between 10-70° with step size of 0.5°/mlihe quantity of phases as well as the
values of structural parameters (lattice parametersdc, oxygen position) were determined
after Rietveld refinements of the diffraction patte using the software MAUD [98] were
applied. The XRD patterns of the samples in thishstwere fitted by using the structural
parameters obtained by Orman and Wiseman [99].

During Rietveld analysis, lCO;, Ca;0,, LT-LIC0O,, a Co-Mo containing spinel like phase,
Li,CrO,, Li;,WOs were identified and added to the analysis as iipphases. When the
amount of any phase was lower than 1 mole%, thenishshown by the term “minor”
throughout this study. The results were discussedhe value of R value (difference
between the fitted value and the experiment pat&srwell as compliance of the content of
HT-LiCoO,. Occupation ratio of M dopants in Li-site and(o-site was also altered.
When it was decided that single phase HT-Lige@s produced, Rietveld analyses were
again applied to the same XRD patterns of the sssnfir the aim of determining the
occupation ratio of lithium and cobalt sites. Moreq the structural parameters were more
precisely refined by this method. During applyitgde precise Rietveld analyses, GSAS
software [100] was also used.

4.2.2.Chemical Analysis

Inductively Coupled Plasma (ICP) was applied tosémples by using Perkin Elmer DRC I
model ICP-MS in Central Laboratory of METU. Li, @ad M contents of the samples were
determined and the averages of 5 tests were ctdduiar each sample.
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X-ray Photoelectron Spectroscopy was applied to temples by using PHI
5000 VersaProbe in Central Laboratory of METU. Hets of O, C, Li, Co, Mn and W
were scanned in the binding energy range of 0-1 K& convolution of the main spectra
was applied in order to analyse each element sebarand carefully. The depth of the
chemical analysis was about 6-10 nm. Moreover; t8hiag was applied for investigating
the inner content of the samples. Ar etching wandiegh twice at 3000 eV/min for 5 minutes.

Energy Dispersive X-Ray Spectroscopy (EDX) was igppby using SEM of Metallurgical
and Materials Engineering Department (FEI Nova N4&0). For every sample, EDX was
applied in 2 or 3 different regions and with di#fat magnifications. Elements of Co, W, Mn,
Cr and Mo were scanned. The samples that were cteazed electrochemically were
subject to mapping by using the same device. Magppias applied to powder samples or
electrodes for 30 minutes.

4.2.3.Scanning Electron Microscope

The photos of the samples were taken by using SEMetallurgical and Materials
Engineering Department (FEI Nova Nano 430). Theigarsize and morphology were
determined. For each sample, photos were takeiffatetht magnifications but mostly at
magnifications of x20000 and x40000.

4.2 .4 Electrochemical Characterization

Galvanostatic Tests, Cyclic Voltammetry (CV) and edffochemical Impedance
Spectroscopy (EIS) were applied by using the callifg the produced HT-LiCoQOas
cathode material. As anode, graphite is used wagalstatic cycles whereas metallic lithium
is used in CV and EIS measurements.

All sample powders were vacuum dried at 120°C #haurs and then stored in glove box
after calcination. For cathode preparation, powdeeye mixed with polyvinylidene
difluoride (PVDF) and C black with the ratio of 90:5:5. PVDFsmased as a solution after
dissolved in N-methypyrrolidinone (NMP). This solution was mixed withTHLICoO, and
C-black and a slurry of these was prepared. Fodengrapite was mixed with PVDF and
C black with the ratio of 88:6:6 with the same dure applied for cathode. These slurries
were stirred vigorously in order to get uniformtdisution of active materials. Cathode
slurry was coated on aluminium foil and anode gluvas coated on copper foil by using
Doctor Blade technique. The coated material wereddat 120° for 3 hours and then were
further dried in vacuum at again 120°C for anothelay. Discs having diameter of 18 mm
were cut from the prepared electrodes. Then thag wat in a glove box (having 0.1 ppm
O, and 0.1 ppm ED) and hold there until cell assembly. For celleadisly, a glass fibre
sheet with the density of 52 gfiwas used as separator. The electrolyte was 1 MELiR a
50:50 EC:DEC solution. Air tight cells were used @ssemblage was applied in glove box.
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Figure 4.1. The process flowchart of acetate-ratraéthod.

Co-Nitrate Solution Li-Hydroxide Solution

pH ~11 \ /

Co(OH), precipitates

v
Centrifuge ([@-------;

l i Preparing LiOH and M solution in the
Washing with LiOH ---d desired ratio of Li:Co:M

N —

Washed Co(OH)precipitate

Washing 4-5 times for removing nitrate ions

v
Freeze Drying

l

Pre-calcination (350°C, 2 hours)

A 4

Calcination (600, 650, 700, 750,
850°C, variable hours)

v
Characterization (XRD, SEM, EDX, ICP, Electrocheat
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The device used for galvanostatic tests and cyetitammetry was Solartron 1470
potentiostat and Versastat Il was used for eletimical impedance spectroscopy.

4.2.4.1 Galvanostatic (Charge-Discharge) Tests
During charge-discharge cycles, charge rates of @3d 1C and discharge rates of 0.3C,
0.75C, 1.5C and 3C were used. The cells were cyfletimes at each discharge rate and 5
more cycles were applied at the slowest dischatge(0.3C) at the end. 1C corresponded to
a rate of about 140 mAh/g. The charge-discharges t@sre conducted between 2.75 and
4.25 V. For all samples, a cycle with charge arstliirge rates of 0.3C was applied at the
beginning.

4.2.4.2 Cyclic Voltammetry (CV)

CV was applied at the first and second cycles @ sates of 0.02 mV/s, 0.05 mV/s and 0.08
mV/s between 3 and 4.5 V. The cells were chargetd30/ first and CVs were begun at the
charged state. The initial scan was applied tow#rdscathodic direction which was from

higher potential to lower potential. During CV, tetectrode assembly was used.

4.2.4.3 Electrochemical Impedance Spectroscopy (EIS)

Potentiostatic EIS was applied between the frequesege of 100 mHz and 300 kHz at the
open circuit potential (OCV) of the cells. The A@g@itude was £10 mV. EIS was carried

out at different state of charge values of the asltan be inferred from the OCV values of
the cell. Highest OCV corresponds to fully chargete and lowest OCV to fully discharged
state.

53



54



CHAPTER 5

SYNTHESIS of SINGLE PHASE and ORDERED HT-LiCoO,

5.1.Preliminary Tests of Freeze Drying and Calcination

The study began with using LiN, CoN and CoA. Salns of Li and Co chemicals were
prepared at Li:Co ratio of 1.1:1 and 1.2:1 in oriecompensate for the Li loss during high
temperature treatment. After all the chemicalsatiesl, the solutions were mixed and freeze
drying was applied. Riley [101] suggested the imsee of solution temperature for
evaporating some water to an extent that someatsyst the solution were seen before
freeze drying. However; in our study, we did noe sy crystals at lower molarities.
Although some crystals were seen at higher madaritp M), no difference was seen in the
XRD patterns applied after the calcination proceSser the preparation of Li and Co
containing solution, cooling under liquid nitrogeras applied prior to freeze drying. The
duration for freeze drying was altered betweend® 48 hours and the vacuum was held at
about 30 mtorr. It was not achieved to produce detaly dried powders even after 48 hours
of freeze drying. Increasing soaking time to ab®#ithours did not yield complete drying
also. When the reason for this abnormality wasshgated, it was seen that the duration at
lower temperatures such as -40°C was very high that sublimation could not be
completed. From water phase diagram (Figure 5.1 #een that applying freeze drying
starting from the poing will lead to more driving force for freezing. & needed to get down
to a temperature in the vicinity afin order to completely freeze the solution. Howeve
staying at that temperature more than needed welhteally result in longer time for drying
hence drying could not be completed. Thereforeerafomplete freezing, the temperature
should gradually increase to a value around -1Qf@nf € in Figure 5.1) and the sample
should be soaked there for enough time. Howevewai$ seen that very long durations
(about 20 hours) were spent in the vicinity of pairfin the range between -40 and -30°C).
This was unnecessary, instead more time must beasdid at the temperatures around point
€. Inherently, samples were soaked for longer tiswesh as 40 hours at temperatures of -
20°C and -10°C and this led to better drying penfances. Eventually the receipt for freeze
drying was set as follows;

10 minutes hold at -40°C

Ramp to -30°C from -40°C in 20 minutes
150 minutes hold at -30°C

Ramp to -25°C from -30°C in 10 minutes
890 minutes hold at -25°C

Ramp to -20°C from -25°C in 10 minutes
710 minutes hold at -20°C

Ramp to -10°C from -20°C in 20 minutes
1060 minutes hold at -10°C

Ramp to -10°C from 2°C in 15 minutes
60 minutes hold at 45°C

o B
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Figure 5.1. The schematic display of phase diagrbwater.

Freeze dried products were subjected to calcinattaiemperature of 450°C with different
soaking time. With increasing time, it was seert tha amount of LiCo@was increased
regardless of the structure. However; 450°C wasnotgh for producing HT-LiCoOThe
sample contained at most 50 mole% HT-LiGa@th c/a values lower than 4.99, near 4.90.
Therefore, the calcination temperature was inciedse720°C. It was seen that all the
fingerprints of HT-LICoQ could be found. These were the location of [00&jkyc/a ratio
and splitting of [006]-[102] and [108]-[110] peak&ccording to [35], the position of [003]
might be another indication of formation of layene€o0O,. The @ value of HT-LiCoQ
was lower than LT-LiCo@ When both structures are present in the matevialhumps in
the vicinity of 2 ~ 19° are seen which are depicted in Figure 5 figure belongs to a
sample containing 26 and 50 mole% HT-LiGao&hd LT-LiCoQ, respectively. If there is
single phase in the sample, no humps can be seéRInpattern independent of the type of
the structure (layered or spinel). When comparet spinel structure, [003] peak of layered
structure is at lower@values hence shifting of this peak to left is goed. This can be
seen from Figure 5.3. In this figure the upper XRjPeen points) belongs to a structure
containing only HT-LiCo®@ and the lower one (red points) belongs to a sireatontaining
about 95 mole% LT-LiCo® From Figure 5.3a, the difference in the positiohf03] peaks
can be seen, from Figure 5.3b and Figure 5.3cdifferences in the splitting of [006]-[102]
and [108]-[110] peaks can be seen, respectivelyHIeLICoO,, splitting of aforesaid peaks
is seen whereas no splitting of these peaks isfeedT-LiC0O.,.
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To sum up; freeze drying of 48 hours under 0°C Wwimwost of the drying time is reserved
for temperatures around -10°C is needed for redbtigffective drying. For achieving single
phase HT-LiCoQ calcination at temperatures higher than 700°haszled. Besides these,
the freeze dried precursors are melted during maticin which is strictly undesired. With
melting, the importance and advantage of freezingrgre lost.

5.2.Studies with Acetate-Nitrate Method

During the preliminary studies, melting occurredtasas stated in the previous section. In

addition to melting, bursting of the sample wasnsse the samples were dispersed in the
furnace. In order to prevent these two undesiraehsons, pre-calcination was applied at

various temperatures like 200, 250, 300 and 3507C for 2 hours. After some tests, it was

decided to apply calcination at 350°C for 2 hound #¢his was continued throughout the

study.

Deciding on the optimum parameters for obtaininglHTo0O,, experiments were conducted
with different chemicals, such as LiA, LiN, CoA, Bo All 4 combinations of these
chemicals were applied. Moreover; the temperatamge of calcination was between 400°C
and 850°C. The soaking time was 24 hours. Li:Cim nas kept as 1.2:1. Li was used 20
mole% excess for compensating Li losses at highewperatures. The flowchart applied
during this section was given in Figure 4.1. Tha For the notation used in this chapter is as
follows;

First and second letters belong to Li and Co coimgichemicals, respectively and A stands
for acetate, N stands for nitrate and H stand$ydroxide. If doping is applied, then doped

element is shown by its elemental formula and thgirdy content is shown just near this
formula. The three digit number shows the calcoratemperature and last number shows
the calcination time. If there occurs no numbeerathe three digit number, it means that
calcination was applied for 24 hours. As an exanle notation of ANCr5-850-12 means
that the starting chemicals are LiA and CoN, thedea is doped with 5 mole% Cr and

calcination was applied at 850°C for 12 hours.

5.2.1.Production of undoped LiCoO,

The results of the experiments are given in Takle Brom this table, it is seen that at least
700°C is needed for obtaining nearly single pha3eLKC0O,. The impurity is mainly
Li,CO; which comes almost from air. Although acetate aimihg experiments contain more
carbon than that of nitrate containing samplesthatend of experiments the amount of
Li,CGO; in the structure does not differ.

When the lattice parameters are considered, ges shan lattice parameteexpands with
temperature while lattice parametemore or less stays same. Therefolgevalue increases
with temperature.

It is seen that the ratio of [003]/[104] is far findbeing 1, it is at most 0.818 implying that
there is a problem with the ordering of HT-LiCpO
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Table 5.1. The results of the experiments to preduwloped LiCo@

Sample | Li,CO; | Spinel | Layered| a c Peak [003]/
Name %) | (%) @ | &) | (&) | “@ | separation| [104]
NA-400 5.50 92.12 e e e e No 0.780Q
NA-550 12.29 45.86 41.20 2.820 14.063 4.989 No .68
NA-700 1.26 - 98.74 2.818 14.061 4.990 Yes 8.6
NA-850 Minor - 99.16 2.817 14.071 4.995 Yes 556
AN-400 8.30 51.54 39.38 2.818 14.058 4.989 No 0.818
AN-550 34.80 37.89 27.32 2.819 14.063 4.989 No D.72
AN-700 Minor - 99.51 2.817 14.064 4.993 Yes a7
AN-850 Minor - 98.71 2.817 14.069 4.994 Yes a7
AA-400 32.27 60.72 580 - e e No -
AA-550 9.75 23.23 66.11 2.817 14.062 4.992 Yes ®.69
AA-700 1.29 - 98.71 2.817 14.068 4.994 Yes 38.69
AA-850 Minor - 98.64 2.818 14.091 5.000 Yes ™7
NN-400 11.69 29.18 175 - e e No 0.808
NN-550 32.96 14.71 52.33 2.818 14.058 4.989 No .13
NN-700 2.16 1.54 96.31 2.816 14.075 4.998 Yes D.65
NN-850 Minor - 99.59 2.816 14.076 4.998 Yes ar.7

When SEM photos (Figure 5.4) of the samples arestigated, it is seen that particle size is
increased with temperature due to grain growthigitdr temperatures.

Figure 5.5 reveals that the lowest patrticle sizacisieved with the starting chemical CoA,
however, the difference between particle size tssignificant to decide the effect of starting
chemicals on particle size. All samples in thisifggwere calcined at 850°C for 24 hours.

Bursting and melting were observed when the sanwpéze checked during calcination. The
effect of bursting on the samples can be seengnr&i5.6 with the cavities between the
bundles. This bursting is thought to be mainly tmué&Ox gas evolution and it is also less
likely to be because of fast evaporation of thedied water (due to incomplete drying
during freeze drying, maybe water is trapped insig@rticle).

Having seen that single phase HT-LiGagan be produced at 700°C, an experiment with the
calcination temperature between 550°C and 700°Cefample at 625°C was conducted.
The freeze drying time is increased to 63 houtthat sample and the starting chemicals are
chosen as Li-acetate and Co-nitrate because tley gie worst drying performance when
compared with other combinations. Even in thatagitun, no difference in the drying
performance is observed. Moreover, the amountyefréd LiCoQ is very low (60.53%) and
the splitting of [006]-[012] and [108]-[110] pealsshardly seen. Therefore we conclude that
we must reach at least 700°C to have single phaski€o0..
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Figure 5.4. SEM photos of experiment having stgrthemicals as LiA and CoN which
calcined at a) 400°C, b) 550°C, c¢) 700°C d) 850°C.

Gupta and Manthiram [102] claimed that decreasimg tooling rate (1°C/min) after
calcination is important for achieving ordered stane of layered LiCog) in other words
they saw that the ratio of [003]/[104] was increhgéth smaller cooling rates. Therefore,
two samples which were calcined at 625°C and 8506fQ4 hours, were cooled at a rate of
about 3°C/min. However, neither peak intensity ratio [003])/[104] was different than that
of fast cooled samples.

The structural and morphological analysis of theults of starting chemicals did not show
significant differences, therefore any combinationld be chosen for doping studies.
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Figure 5.5. SEM photos of having a) LiN-CoA, b) L@ZoN, c) LiA-CoA and d) LiN-CoN
as starting chemicals.
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Figure 5.6. SEM photo of an experiment showingcdngties occurred during bursting.
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5.2.2.Production of doped LiCoO,

5.2.2.1 5 mole% doping by using LiA-CoN as starting chefsica
During doping experiments, same solution prepanaieps and same freeze drying receipt
were followed. Calcination was applied at 550°Q)°“I@and 850°C. As at 400°C, there was
no significant amount of layered LiCe@ all samples, calcination was not applied as thi
temperature and the results of calcination at 558f€ not shown as they had very low
content of HT-LICoQ. Moreover, in some samples the calcination wadiegpfor less than
24 hours (1, 4 and 12 hours) but unfortunatelyeiveas no improvement in the content of
HT-LiCoO,, therefore the results of these were not shown dlse alloying elements were
added in such a way that Li:Co:M mole ratio (M=Gtp, Mn, W) was 1.2:0.95:0.05.
Therefore it was aimed to produce a material hasifigrmula LiC@ ¢gVo0:0,. Except Mn,
every doping element has an impurity phase idexdtifn XRD patterns. These impurity
phases were LCrO,, a spinel phase containing Co and Mo (termed addCspinel) and
Li,WOs for Cr, Mo and W doping, respectively.

From Table 5.2, the results of the doped sampladeaseen as well as that of the undoped
sample. Moreover, the position of oxygen (z) in shreicture was calculated and discussed
for these samples. It is seen that doping inversffigcts the amount of HT-LiCgoQat
700°C. The sample calcined at 700°C without anyadopas more layered LiCe@han that

of any doped sample. When considering lattice patant which is an indicator for the
incorporation of doping elements into the layergdcture, it can be claimed that only Mn
incorporates into the structure at both 700°C aB0°8. Although amount of layered
LiCoO, calcined at 850°C is larger than that calcined’@®d°C for all dopants, lattice
parameterc increases in Mn and Cr containing sample with iasieg temperature.
However; lattice parameterof Cr doped sample calcined at 850°C is not diffiethan that

of undoped sample, so it is hard to say that @mderporated into the structure. For W and
Mo doped samples, increasing the temperature resuticreasing M containing impurity
phase. For both samples, lattice parametedecreases with temperature. At 700°C,
incorporation into the structure can be thoughtthaetcontent is not solely layered LiCpO

It is believed that at 700°C, all dopants exceptfer partially incorporated into the spinel
structure. This structure is destroyed with tempeeaand at 850°C, Li, Co and dopants are
liberated. Some Li is lost to the atmosphere, sgmes to M containing impurity phase
(LisWOs) and some goes to layered structure. For Co, sitmgion exists; some goes to M
containing impurity phase (CoMo spinel) and somesgm layered structure. Therefore Mo
and W amounts to be doped into layered structucesdse. The soundness of this postulate
can be checked with the comparison of amounts @@ and CgO, in Mo and W doped
samples. It is seen that amount ofQ®; is larger in Mo and W doped sample calcined at
850°C.
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Table 5.2. The results of the doped samples.

Sample Name plrr]r;r;léri(t%) S(r()%el La()é/i)red L:y(ir)ed L?Eir)ed c/a . [[(i%i]]/
AN-700 | - - 99.51 2.817 14.064 4.993 0.2463 0.701
AN-850 | @ - - 98.71 2.817 14.069 4.994 0.2457 0.701

ANCr5-700 450 - 93.45 2.817 14.058 4.990 0.2461 0.714
ANCr5-850 |  ----- - 98.17 2.818 14.071 4,993 0.2463  0.702

ANMO05-700 minor 21.66 73.18 2.821 14.082 4.992 0.2456 0.767

ANMo05-850 258 - 95.29 2.818 14.064 4991  0.2448 0.854

ANMn5-700 |  ----- 19.91 77.79 2.818 14.079 4.996 0.2517  0.737

ANMN5-850 |  -—-—- = - 99.16 2.817 14.096 5.004 0.2452 0.815

ANWS5-700 minor 17.10 79.68 2.821 14.103 4.999 0.2458 0.791
ANW5-850 437 - 94.33 2.817 14.062 4,992 0.2451 0.874

Note: The amount of phases do not add to 100%nBales mainly about LCO; with about
minor amounts of G, in some samples
2 Li,CrQ,, CoMo spinel and LWOs for Cr, Mo and W doping, respectively.

SEM and EDX analyses are applied to the samplell @iotos of the samples calcined at
700°C are given in Figure 5.7.

From Figure 5.7, it is seen that, with doping, iobatsize decreases. The differences in
particle size are not significant for Mo, Mn andddfants but it seems that it is smallest for
W doped samples and largest for Cr doped samples.siiape of the particles is between
hexagon and sphere. For illustrative purposes,dped samples are shown to display the
particle size differences at different temperaturd$is can be seen from Figure 5.7b and
Figure 5.7c, and particle size is larger for 85@%xpected.

EDX analyses were applied for all doped samples.deping with Cr, the sample calcined
at 700°C had LCrQ, as an impurity phase. The existence of this pkaseconfirmed by
EDX with having a region containing higher amounfsCr than that of other regions
containing Cr content between 1 and 8 mole%. Fluesd two observations, it was deduced
that at 700°C, a significant amount of Cr could In@tincorporated into the layered structure.
However; this was not true for sample calcined>’€. The EDX analysis revealed that Cr
content changed between 4 and 6 mole% which wasdhdy same amount with the doping
content, therefore it can be claimed that Cr wagedoat least partially into the layered
structure at higher temperatures.
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When Mo, Mn and W doped samples were consideredddfed samples had Mo content
of 2 and 4 mole% for both temperatures, Mn dopedpées had Mn content of about 5
mole% for both temperatures, W doped samples hatdmént between 6 and 10 mole% for
both temperatures. The changes of the dopant danteifferent regions were very low that
uniform distribution of these dopants can be claim&his could be attributed to the
incorporation into the layered structure. This esta#nt is more valid and incorporation
amount is higher for Mn doped sample when comptarédio and W doped samples.

With 5 mole% doping studies, it was inferred thahéle% was beyond the solubility limit
for layered HT-LiCoQ except for Mn doping. Also, during the studiesihgWiA-CoN as
starting chemicals, not only complete drying wasieged but also the melting and bursting
of the powders into the furnace were seen. As @trdbere occurred great loss in the final
product in terms of mass. Mass balance showedathait 60% of Co and 75% of Li were
lost on the average. This loss which was inheremdtyequal for all samples would affect the
morphology and structure of the samples, undouptedlthough some precautions were
taken for dispersion of powders into the furnaaeimprovements could be seen. As a result
it was decided not to use LIA-CoN as starting cloasi for future studies. Instead LiN and
CoN were used as starting chemical due to the mettsmt bursting was not seen during
preliminary experiments.

5.2.2.2 5 mole% doping by using LiN-CoN as starting chelsica

During these studies, calcination was again ap@ie850°C for 4, 12 and 24 hours and at
700°C for 1, 4, 12 and 24 hours but single phasd_.lCbO, could not be produced, hence
results of these studies were not shown. At 85@&ination was applied for 1, 4, 12 and
24 hours and the results of these studies were givéable 5.3 with the results of undoped
sample.

From Table 5.3, it is seen that with increasingdimg time, the amount of layered HT-
LiCoO, is decreased. This encourages the claim that kigth temperature and long-time
calcination, the layered structure was decomposextd the loss of Li. However; with

undoped and Mn doped samples, this situation didonour. Therefore, it is thought that
undoped and Mn doped samples are more stable larhigmperatures than that of Cr, Mo
and W doped samples. Increasing of lattice pararetéth holding time could be attributed

to the increase in temperature as discussed iosecP.1.
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Figure 5.7. SEM photos of samples a) AN-850, b) ABZ00 ¢) ANCr5-850, d) ANMo5-
850, e) ANMNn5-850 f) ANW5-850.
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Table 5.3. The results of the doped samples hdvulgCoN as starting chemicals.

Sample Name plr?; zléri(%) S(%r)el La();/tz)r = (2) (}(3:\) cla z [[(:)L%?:,r]]/
NN-700 | = ----- 1.54 96.31 2.816 14.075 4.998 0.24730.654
NN-850 | - - 99.59 2.816 14.076 4.998 0.24530.707

NNCr5-850-1 143 - 96.92 2.819 14.076 4.993 462 0.834

NNCr5-850-4 Minor - 98.86 2.818 14.076 4.995 2417 0.877

NNCr5-850-12 |  -—--- Minor 97.03 2.820 14.086 4.995 .2451 0.859

NNCr5-850 |  -—--—- = - 92.61 2819 14083 4.996 (@46 0.822

NNMo5-850-1 189 - 97.52 2815 14.058 4.994 482 0.848

NNMo5-850-4 218 - 97.60 2.815 14.059 4.994 462 0.900

NNMo5-850-12 192 - 97.13 2.815 14.054 4.993 2489 0.894

NNMo5-850 223 - 95.22 2.815 14.052 4.992 0»45 0.849

NNMn5-850-1 |  ----- Minor 98.42 2.817 14.088 5.001 24563 0.768

NNMn5-850-4 |  ---—-—- = - 97.71 2.819 14.092 4.999 24b7 0.775

NNMn5-850-12 |  ----- Minor 98.12 2.818 14.099 5.003 .24%9 0.761

NNMn5-850 |  --—- - 99.28 2.817 14.098 5.005 &24 0.790

NNW5-850-1 291 -—-- 94.13 2.819 14.078 4.994 07245 0.868

NNW5-850-4 3.16 mmmn 95.14 2.818 14.071 4.993 0445 0.902

NNW5-850-12 5.93 91.38 2.819 14.069 4.991 bB24 0.907

NNW5-850 |  -—--- ---- 88.86 2.819 14.085 4.996 0.24730.743

Note: The amount of phases does not add to 1009an8a is mainly about LCO; with
about minor amounts of @0, in some samples
% Li,CrQ,, CoMo spinel and LWOs for Cr, Mo and W doping, respectively.

When LiA-CoN and LiN-CoN studies were compared,ibbaviour of impurity phases with
increasing temperature resembled each other, ngatiiat increasing calcination
temperature or increasing time at elevated temperatresulted in higher amount of
impurity phases for W and Mo doped samples and ddmgurity phases for Cr doped
sample. However; the ordering was better in LiN-Cednples. With LiIN-CoN samples,
there was no dispersion to the furnace, so weag# tlid not observed. It was an interesting
result that Mn doped samples had lower [003]/[T@4ips than other doped samples.
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When the incorporation of doped samples was coreiglé could only be claimed that Mn
was incorporated into the structure.

It was seen that with LIN-CoN starting chemicalg,significant improvement on the purity
of HT-LiCoO, was achieved. It was again inferred that 5 mole$hird) was too high to
achieve a product forming a solid solution havihg tormula of LiCg@g¢M0£0,. Therefore
decreasing of the doping amount was consideredisedssed in the next section.

Although SEM and EDX analyses were applied to LiblNCsamples, the results were not
shown here because of revealing similar photoscantents with LIA-CoN samples.

As it was discussed earlier, Gupta and Manthira@2]Xelated ordering with cooling rate.
With decreasing cooling rate to 3°C/min, meaningfabults could not be achieved.
However; as Gupta and Manthiram [102] applied 19€/as the cooling rate, lower cooling
rates were applied to the calcined samples ancethdts are discussed in next section.

5.2.2.3 Attempts to increase the ratio of [003]/[104]
For these studies, the samples that contain spigise layered LiCoQOwvere used. One of
the samples used was produced by using LiA-CoAistachemicals and calcined at 850°C
for 24 hours (AA). This calcined sample was furtierated in three different ways as
follows;

a. 12 hours more calcining and fast cooled to roonptnature (AA-a)
b. 16 hours more calcining and cooled with a rate.8f@/min (AA-b)
c. Cooled at a rate of 2°C/min directly from 850°C (AR

Moreover, LiN-CoN starting chemicals were also u$mdthis purpose. This sample was
also produced by calcining at 850°C for 24 hourdlXNTlhis calcined sample was further
treated in four different ways as follows;

24 hours more calcining and fast cooled to roonpereture (NN-a)
24 hours more calcining and cooled at a rate ofBRC(NN-b)
Cooled at a rate of 2°C/min directly from 850°C (N

2 hours more calcining and cooled at a rate of miC(NN-d)

oo oW

The results are given in Table 5.4.
As it is seen from Table 5.4, there is no significecrease in the ratio of [003]/[104] even

with longer calcination time or slower cooling raleis very interesting that/a values are
the highest for the ones that calcined at°85fdr 24 hours and cooled at room temperature.

67



Table 5.4. The results of the studies aiming togase the ratio of [003]/[104].

Sample (Co'ljﬁf,z) (Co'lj‘;;‘f,z) [003]/[104] cA) ad) cla

AA 56.40 76.95 0.732 14.001 2.818 5.000
AA-a 77.14 98.11 0.786 14.059 2.814 4.998
AA-b 4855 63.24 0.768 14.053 2.812 4.997
AA-C 90.76 108.07 0.840 14.075 2.816 4.999

NN 73.38 104.90 0.700 14.076 2.816 4.99¢
NN-a 103.94 115.19 0.902 14.071 2.817 4.995
NN-b 78.32 107.75 0.727 14.069 2.816 4.997
NN-c 101.27 120.69 0.839 14.068 2.817 4.994
NN-d 61.11 70.69 0.864 14.072 2.817 4.996

5.2.2.4 1 mole% doping by using LiN-CoN as starting cheisica

As LiN-CoN starting chemicals yielded better resulbhan LiA-CoN samples, 1 mole%
doping was applied to LiN-CoN starting chemicaleeToping elements used were Cr and
W for this study. Calcination was applied at 7006€12 and 24 hours, and at 850°C for 1,

4, 12 and 24 hours. The results are compared héhdf 5 mole% doped samples and are
given in Table 5.5.

When Table 5.5 is examined, , samples containimgo®e% dopants yielded worse results
than samples containing 1 mole% doping almost latealperatures and time. At higher
alloying amounts, unidentified peaks are more JYikéd occur. Moreover, 2 phases
(Li,CrO4 and LyWOs) are more likely to occur at higher alloying amtsunLattice
parametera andc are larger for 5 mole% doping befa values do not show such a different
behaviour. Also the amount of layered structuralvgays larger with 1 mole% doping than
that of 5 mole% doping. For 1 mole% doping, abd&Q°T is enough for producing nearly
single phase structure. It is easily concluded doging with 1 mole% alloying yields better
results than that of doping with 5 mole% dopingwdwer, it is not easy to be sure for
incorporation into the layered structure althoughmale% doping seems to yield better
results. Moreover, it is certain that increasing #mount of doping elements introduce more

impurity phases (LCO;, Co,0,, 2 phase etc.) to the structure as the solid sotyhifi HT-
LiCo0O, is exceeded.

For 1 mole% doping more calcination tests have leee which were at 750°C and 800°C
for 4, 12 and 24 hours. Especially calcination 8°C for 24 hours yielded satisfactory
results in terms of the amount of layered strugtoceurrence impurity phases.

After performing extensive work with acetate andrate samples, it was succeeded to
produce solid solution of 1 mole% doped HT-LiGo®lowever; using nitrate and acetate

samples melting always occurred during calcinaton bursting of the powders were

68



occurred except for LIN-CoN samples. Bursting isaubtedly very bad both for the process
and furnace as most of the powders are lost. Whelting occurs, the aim for applying
freeze drying becomes unnecessary as formatiomqufll phase causes the degradation of
crystallinity of the samples. As a result of thés® main reasons, using of acetates and
nitrates were left and new starting chemicals vgerght.

Table 5.5. Comparison of results of samples wiamd 5 mole% Cr and W.

Sample Name plhmapsl:ari'g%) (2) (E\) cl/a La()é/i)red [003]/[104]
NNCr1-700-12 minor 2.814 14.042 4991 98.09 0.891
NNCr1-700 minor 2.814 14.033  4.987 96.64 0.870
NNCr1-850-1 2.816 14.059 4.993 99.47 0.874
NNCr1-850-4 minor 2.815 14.058 4.994 98.68 0.902
NNCr1-850-12 2.816 14.059 4.993 99.40 0.898
NNCr1-850 2.816 14.063  4.995 99.38 0.803
NNCr5-700-12 minor 2819 14.073  4.992 94.32 0.914
NNCr5-700 2.822 14.082  4.990 84.47 0.935
NNCr5-850-1 1.43 2.819 14.076  4.993 96.92 0.834
NNCr5-850-4 minor 2.818 14.076  4.995 98.86 0.877
NNCr5-850-12 2.820 14.086  4.995 97.03 0.859
NNCr5-850 2.819 14.083 4.996 92.61 0.822
NNW1-700-12 2.816 14.064  4.994 96.01 0.894
NNW1-700 minor 2.818 14.058 4.989 94.76 0.847
NNW1-850-1 2.815 14.054  4.992 99.80 0.857
NNW1-850-4 2.13 2.815 14.060 4.994 92.34 0.907
NNW1-850-12 2.61 2.815 14.062  4.996 95.96 0.922
NNW1-850 2.816 14.064 4994 99.61 0.872
NNW5-700-12 minor 2.820 14.060 4.986 77.69 0.824
NNW5-700 1.66 2.822 14.074  4.987 87.13 0.856
NNW5-850-1 291 2.819 14.078 4.994 94.13 0.868
NNW5-850-4 3.16 2.818 14.071  4.993 95.14 0.902
NNW5-850-12 5.93 2.819 14.069 4.991 91.38 0.907
NNW5-850 2.819 14.085 4.996 88.86 0.743
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5.3.Preliminary Studies with Hydroxide Method

Chiang et al. [34] tried to produce LiCe®y precipitating cobalt hydroxide, Co(OH)
(CoH). Precipitation was done during addition ofNCsolution to solution of lithium
hydroxide, (LiH). They washed the precipitate fettong rid of nitrate species by applying
decantation with centrifuging, they repeated thpsmcesses for 4-5 times. After having
rinsed the precipitate thoroughly, it was freeziedliand calcined. As this process contains
no nitrate and acetate species, it is probable igting and bursting will not occur.
Therefore, it was decided to apply this processtlier remaining period of the study. The
flow chart of the hydroxide method was given inufg4.2.

5.3.1.Preliminary tests with hydroxide method

The results achieved with the preliminary testsgaven in Table 5.6. It is seen that 750°C is
enough for producing single phase layered struakitte this method. Ordering is better for
this method when compared with acetate-nitrate ogetht is interesting that commercial
LiCoO, also contains LCO;. The XRD patterns of the samples that are calcatetb0°C

for 24 hours and the commercial LiCo@o not show any difference. Figure 5.8 reveals thi
similarity. Table 5.6 shows the samples that areirsad for 24 hours at the indicated
temperature. Cr doped samples have lower valuégttafe parametec indicating that Cr
incorporation into the layered structure or Co-si@not be achieved. Undoped sample has
the lowestc values when compared with other doped samples.opbdl sample and
commercial LiCoQ@are very similar in their structural properties.

Table 5.6. Results of the alloying experiments wigdroxide method.

samle | et (e 0o Mod  dy gy o

HH-850 | - Minor  99.25 0.866  2.816 14.065 4.995
HHCr1-750 | - Minor  99.85 0.916  2.816 14.061 &99
HHCr1-850 Minor 1.72 97.42 1.015  2.817 14.063 4.992
HHMo01-750 | - Minor  99.55 0.957  2.816 14.067 4%&99
HHM01-850 | - - 100.00  0.909  2.818 14.074 949
HHMN1-750 | - Minor  99.76 0.895  2.816 14.072 499
HHMn1-850 | - Minor  97.72 0.906  2.815 14.076 0D
HHW1-750 | - Minor  99.40 0.931  2.817 14.075 4.996
HHW1-850 | - Minor  99.89 0.945  2.816 14.076 4.998
COMTEE] | Minor  99.74 0917  2.818 14.064 4.991

LiCoO,

5.3.2.Comparison of hydroxide and acetate-nitrate methods

During this thesis, the production of layered singhase HT-LiCo®and doping of this
structure were studied up to now. The studiesamsarized as follows;
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a. Production of undoped LiC@®y using LIA-CoA-LiN and CoN as starting chemigals

b. Doping of LiCoQ by M (Cr, Mo, Mn and W) elements with a ratio off@0:M as
1.2:0.95:0.05 by using LiA-CoN,

c. Doping of LiCoQ by M with a ratio of Li:Co:M as 1.2:0.95:0.05 bging LiN-CoN,

d. Doping of LiCoQ by Cr and W with a ratio of Li:Co:M as 1.2:0.990.by using LiN-
CoN,

e. Doping of LiCoQ by M with a ratio of Li:Co:M as 1.2:0.99:0.01 bging LiH-CoH.

After freeze dried these five sets of the experimerthe samples were calcined at
temperatures ranging from 550°C to 850°C. The ¢uradf the calcination was altered from
1-24 hours. Satisfactory results could be achieafter calcination at 550°C. However;
relatively good results were achieved at higher pematures. Although at elevated
temperatures, less time was spent to produce alsmogle phase HT-LiCog) calcination
duration of 24 hours seemed to yield better results

2000
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Figure 5.8. XRD patterns of doped samples (W-b,dyINo-d, Cr-e) calcined at 750°C for
24 hours and commercially sold LiCe(@®). The starting chemicals are LiH and CoH

5.3.2.1 Comparison of undoped experiments

Table 5.7 and Figure 5.9 reveal that the besttesné obtained from the LiH-CoH starting

chemicals. Although there are not significant diéfeces for the amount of layered structure
and c/a values, [003]/[004] ratio is highest for this sdenpxcept for the commercial one.

SEM photographs reveal that hydroxide sample hadaivest particle size, in addition to

that particle sizes are uniformly distributed. Alsés seen that using the hydroxide method
has lower particle size than that of commerciald@&which is believed to be produced at
about 900°C.
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Table 5.7The results and comparison of undoped experin

Calcination

Layerec

Chen?itcaatlusn(gLi-Co) (- cc-hy @2 [003)/[104] (%) Betls
LIN — CoA 850 — 24 4.995 0656  99.1¢ a
LIA - Co 850 — 24 4.994 0701 9871 b
LiA — CoA 850 — 24 5.000 0.734  98.6 c
LiN — CoN 850 — 24 4.998 0.707  99.5¢ d
LiH — CoH 850 — 24 4.995 0.866  99.4( e

Commercial LiCo@ 4,991 0.917 99.7¢ f

Figure 5.9SEM photos of undoped samples, codes are givealie.7
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5.3.2.2 Comparison of doped experiments

The results of the experiments with doped sampdsembled with each other when the
comparison was made between acetate-nitrate andbigld methods. For every doped
element, hydroxide method yielded better resulritering, single phase production of HT-
LiCoO,, particle size and incorporation of dopants irfte structure. Therefore, only W
doped samples are shown here which could be #itiatr for other dopants as they show
similar behaviour. The chemical and structural ysed of W doped samples can be seen in
Table 5.8. Morphological properties are seen ilufad.10.

Table 5.8 and Figure 5.10 reveal interesting resuit doping depresses grain growth. With
temperature the grains grow more. The particleisizke lowest and [003]/[104] ratio is the

highest for the samples produced with hydroxidehoet Increasing temperature causes
secondary phases or unidentified peaks exceph&hydroxide samples. Although 700°C is

not enough for producing single phase structur®’C5s enough for hydroxide samples.

With 5 mole% W doping, single phase structure cabembtained.

Even though there are some minor differences in rdwmilts of other dopants, above

discussion of comparison between acetate-nitradéhgdroxide methods are valid and same
for them.

Table 5.8. The results and comparison of W dopgemrxents.

> amount)- Cote | (1 ey o8 ooaypoq MR RS
LIA—CoN-0-a 850 - 24 4.994 0.701 98.71 -
LIN-CoN —0-Db 850 — 24 4.998 0.707 99.59 -
LIH-CoH-0- c 850 — 24 4.995 0.866 99.40 -
LIA—CoN-5-d 700 — 24 5.000 0.791 79.68 Mino
LIA—CoN-5-¢e 850 - 24 4.992 0.874 94.33 4.37
LIN—CoN-5—f 850 - 12 4.991 0.907 91.38 5.93
LIN—CoN-5-¢g 850 - 24 4.996 0.743 88.86 -
LIN-CoN-1-h 750 - 24 4.995 0.869 99.79 e
LIN-CoN-1-i 850 - 12 4.996 0.922 95.96 261
LIN-CoN—-1-j 850 — 24 4.994 0.872 99.61 -
LIH-CoH-1-k 750 — 24 4.996 0.931 99.40 -
LIH-—CoH-1-1 850 - 24 4.998 0.945 99.89 -
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Figure 5.10. SEM photographs of W doped samplatexare given in Table 5.8.

5.4. Comprehensive Studies with Hydroxide Method

With the experiences that were gained from theiptsvstudies, it was decided not to apply
calcination at lower temperatures such as 550°Chégiter temperatures as 850°C. Instead
calcination was applied at temperatures betweef@@0d 750°C. With hydroxide method,
the starting molarity of CoN is important as theoaimt of dopants and LiOH are determined
accordingly. Therefore, it is decided to condu& é&xperiments with two different starting
molarity of Co-nitrate solution, 0.1 and 0.3 M. Tiesults will be discussed together.

5.4.1.Effect of pH

While the experiments were conducted with hydroxigghods, it was determined that close
control of pH was needed during the precipitatib©o(OH). pH value must be set around
10.7 and 10.8 for precipitating only Co(Qhiyhich can be understood from the pink color of
Co(OHY),. If pH is hold at higher values, then co-precitipa of another undesired CoO
containing compound and Co(OH3} observed. This lowers the amount of Co(©Which
act as templates from which HT-LiCe@ produced [34]. Production of Co containing
compound during precipitation leads to formation ©6:0, and LbCO; at higher
temperatures (around 400°C). Eventually it is ndeideeliminate both of these compounds
during calcination for producing single phase HGaO..
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5.4.2.Determination of the molarity of CoN

During the experiments, Li:Co:M ratio was again&etl.2:0.99:0.01. Molarity of CoN was
at values of 0.1M and 0.3M. After freeze drying f& hours, the precursors were calcined
for 1, 4, 12 and 24 hours at 700°C and 750°C. Hataped samples, calcining for 1 and 4
hours at the indicated temperature did not yieldglsi phase HT-LiCo® Moreover
calcining at 600°C for 24 hours did not yield gaedults. Therefore the data related with
these calcination times and temperatures are mehgirhe other results are given in Table
5.9.

From Table 5.9, it is seen that, although 650°Gnseenough for Mo dopings/a value,
especially lattice parametewalue is low when compared with other calcinapanameters.
Therefore, it is concluded that at least 700°C eeded for producing single phase HT-
LiCoO, with [003]/[104] ratio being approximately 1 anth value being 4.99.

When the purity of HT-LiCo@is considered, 0.1 M CoN and 0.3 M CoN do notdyiel
different results. In addition to this, lattice paretersc anda as well asc/a ratio do not
change. In contrast, it seems that [003]/[104]oradiepends on molarity of CoN as
experiments beginning with 0.1M CoN yield highe®3)[104] ratio. However; this ratio is
higher than 1 for almost all doped samples. Moreowien the comparison is made when
calcination temperature is 750°C and time is 24r$othe difference of this ratio gets
smaller. The comparison of average [003]/[104]oradf different molarities can be seen
from Table 5.10. The average is found by using&tie of [003]/[104] for doped samples at
the indicated molarity, calcination time and tengpere. The average for [003])/[104] ratio
and lattice parametec for doping elements are calculated by taking therages of
experiments in which calcination is applied at ®3r 24 hours and at 750°C for 12 hours
and 24 hours, separately.

From Figure 5.11, SEM photos of the doped sampleduzed with different molarities of
CoN can be seen. Particle size and morphology didchange with the change of the
molarity of CoN. In other words, the effect of mtia of CoN on particle size is very low. It
is also seen that Cr containing samples have thgeda particle size and the least
homogeneously distributed particles. There is ngelaifference between the particle size of
the other samples containing Mo, Mn and W. Theigarsize of layered LiCofcontaining
Cr is between 500-600 nm, and that of layered LiCoghtaining other elements is between
200-300 nm. The shapes of the powders are moessuiniaxial.

When Table 5.10 is investigated, it is seen thaamp dopants at a certain molarity show
better results in terms of [003]/[104] ratio anttit® parametec. For example, Cr doped
samples have higher value of lattice parametbut lower ratio of [003]/[104] for 0.3 M
CoN. The behaviour is inversed for W doped samptes the difference between ratios of
[003]/[104] becomes insignificant. Mn and Mo dopsanples have higher lattice parameter
c and [003]/[104] ratio for 0.1 M CoN. Although camting experiments with CoN molarity
of 0.1 M seem to yield better results, the diffefrom 0.3 M is not substantial. When the
amount of starting chemicals is taken into consitien, continuing the experiments with
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using 0.3 M CoN seems better alternative. For exanip0.1 M CoN is used, to achieve the
stoichiometric formula for LiGroiCay ed0,, only 4.1 pg of Cr@must be weighed or 7.2 ug
of AMoT must be weighed. These masses are so latictreful attention must be paid.

Table 5.9. The results with the hydroxide methothwlifferent CoN molarity.

Sample code La(gz)r = L'(ZOZ )03 c (A)-a(A)-cla V(A3 [?10&]'/
HHCr1-700-12 97.71 1.96 14.053-2.816-4.990 289.528 1.021
HHCr1-700-24 99.64 Minor 14.060-2.817- 4.992 289.80 0.984
HHCr1-750-12 96.31 2.26 14.058-2.816- 4.992 289.6520.970
HHCr1-750-24 99.58 Minor 14.062-2.817- 4.993 288.84 0.978

c HHMo1-700-12 98.68 1.18 14.067-2.818- 4.992 290.1941.118
g HHMo01-700-24 99.44 Minor 14.070-2.818- 4.992 290.38 1.116
% HHMo01-750-12 99.55 Minor 14.068-2.818- 4.992 290.21 1.086
0 HHMo1-750-24 99.65 Minor 14.065-2.817- 4.993 290.02 1.094
% HHMn1-700-12 99.06 Minor 14.067-2.818- 4.992 294.16 1.118
O HHMn1-700-24 99.75 0.25 14.073-2.819- 4.993 290.4691.048
E HHMn1-750-4 99.52 Minor 14.065-2.818- 4.992 290.095 1.086
o HHMnN1-750-12 99.79 Minor 14.068-2.817- 4.994 29@.01 1.082
HHMn1-750-24 99.79 Minor 14.069-2.817- 4.994 29@.14 1.072
HHW1-700-12 98.99 1.01 14.075-2.821- 4.990 290.9121.043
HHW1-700-24 99.39 Minor 14.069-2.818- 4.992 290.353 1.075
HHW1-750-12 99.50 Minor 14.067-2.818- 4.992 290.177 1.028
HHW1-750-24 99.61 Minor 14.069-2.819- 4.992 290.308 1.060
[
HHCr1-650-24 97.53 2.07 14.059-2.819- 4.988 290.1751.139
HHCr1-700-12 99.46 Minor 14.059-2.818- 4.989 29@.09 1.039
HHCr1-700-24 99.64 Minor 14.057-2.817- 4.990 289.76 1.245
HHCr1-750-12 99.50 Minor 14.057-2.817- 4.991 288.72 1.181
HHCr1-750-24 98.95 Minor 14.058-2.817- 4.991 288.76 0.922
HHMo01-650-24 99.18 Minor 14.061-2.819- 4.988 2968.31 1.495
8 HMo1-700-12 99.67 Minor 14.073-2.820- 4.991 290.699 1.208
= HHMo1-700-24 99.64 Minor 14.078-2.820- 4.992 29390 1.410
8 HHMo01-750-12 100.00 - 14.075-2.820- 4.990 290.8 1.393
= HHMo01-750-24 99.85 Minor 14.071-2.819- 4.992 29052 1.407
8 HHMn1-650-24 98.58 1.42 14.068-2.819- 4.991 290.4381.403
S HHMn1-700-12 99.70 Minor 14.072-2.819- 4.992 290.54 1.346
~ HHMn1-700-24 99.75 Minor 14.069-2.818- 4.993 290.26 1.280
e HHMnN1-750-12 99.85 Minor 14.069-2.818- 4.993 290.20 1.228
HHMnN1-750-24 99.84 Minor 14.074-2.819- 4.993 29052 1.307
HHW1-650-24 97.22 1.50 14.067-2.819- 4.989 290.5260.984
HHW1-700-12 99.35 Minor 14.070-2.819- 4.991 290.517 1.018
HHW1-700-24 99.72 Minor 14.073-2.819- 4.992 290.578 0.999
HHW1-750-12 99.67 Minor 14.071-2.818- 4.993 290.299 0.978
HHW1-750-24 99.67 Minor 14.073-2.818- 4.994 290.403 1.004
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Figure 5.11 SEM photos of doped layered LiC,, Cr (a-b), Mo (cd), Mn (e-f), W (g-h),
left column belongs to samples with 0.3 M CoN, tigblumn with 0.1 M Cobl
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Table 5.10. Averages of [003]/[104] ratio and mtparameter for doped samples having
CoN molarity of 0.1 M and 0.3M.

e oy " Moy orcon ) oS5
700°C — 24 h. 0.3 1.056 14.068(
750°C — 12 h. 0.3 1.042 14.0651
750°C — 24h. 0.3 1.051 14.0664
700°C — 24 h. 0.1 1.234 14.0694
750°C — 12 h. 0.1 1.195 14.0677
750°C — 24h. 0.1 1.160 14.069(

Doping Element Molarity of CoN (M) [002\]//?;%%? gtio (g)
Cr 0.3 0.977 14.0602
Cr 0.1 1.116 14.0571
Mo 0.3 1.099 14.0677
Mo 0.1 1.403 14.0748
Mn 0.3 1.067 14.0699
Mn 0.1 1.272 14.0705
w 0.3 1.054 14.0683
w 0.1 0.994 14.0725

During EDX analyses, it was intended to find a oegand/or particle that contained higher
amount of the alloying elements than the generdlerdfore it was applied at the
maghnifications of x5.000, x40.000 and about x3.000. With this method, differences for
the amount of Cr, Mo, Mn and W could not be found ¢heir contents lied between 0.5 and
3 mole%. However; when EDX was applied to the santipht contained the highest amount
of Li,CrO, (coded as HHCr1-750-12 in Table 5.9 and producitd &1M CoN solution),
there was a region/particle that contained 45 wetgBr. Considering that kCrO, contains
40 weight% Cr, it was believed that this partide.i,CrO, (Figure 5.12). So with this result,
it is claimed that EDX vyields nearly correct resutor determining the incorporation of
dopants into the layered structure.

After the experiments conducted for producing dolagered LiCoQ, it is decided to use
hydroxide method for further studies. Due to thpeziences with freeze drying, the time of
this process was lowered to 24 hours and no chaagebserved in the drying performance.
Therefore, duration of freeze drying was lowered2#b hours for the samples produced
hereafter.

Although 1 mole% doping yielded satisfactory resulith respect to purity of layered
LiCoO,, [003]/[104] ratio, splitting of [006]-[102] and1p8]-[110] peaks and lattice
parametersc,a and c/a values, it was thought that with more amount opidg, the
discussion on the structure of layered LiGosduld be made more explicitly. Therefore
doping of 3 and 5 mole% with M (Cr, Mo, Mn and W@rments were also studied.
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Figure 5.12. High Cr containing patrticle, left x2@0and right x40000 magnified.

5.4.3.Doping with Higher Amounts

With Mn doping, Mn containing impurity phase didtraxcur, so Mn was added with 10
mole% instead of Co. The studies were conductedsiyg 0.3 M of CoN solution. The
freeze dried precursors were subject to calcinaiol00°C and 750°C for 24 hours. From
XRD patterns (Figure 5.13), it is seen that foridggontents of 5 mole%, secondary phases
(M containing phase, KCO; C0,4 spinel LiCoQ) were formed. The results of the
Rietveld analyses are given in Table 5.11. Thelt®s®elong to calcination at 750°C for 24

hours.
Table 5.11. The results of the studies with 3 anabt% doping.

Sample Layered (%) c(A) a(h) cla e lma [003]/[104]
HHCr1-750 99.58 14.0628 2.817 4,992 78.52 80.30 7.9
HHCr3-750 99.48 14.0671 2.819 4.990 76.38 80.27 52.9
HHCr5-750 83.76 14.0691 2.819 4,991 70.38 71.44 8M.9
HHMo01-750 99.00 14.0761 2.820 4,992 53.50 48.92 94.0
HHMo03-750 93.35 14.0796 2.820 4.993 67.32 68.09 89.9
HHMo05-750 89.05 14.0742 2.820 4,991 67.85 68.27 940.9
HHMn1-750 99.04 14.0778 2.820 4.993 79.05 73.71 72.0
HHMn3-750 88.97 140877 2.821 4.994 59.54 63.58 3®.9
HHMnN5-750 95.18 14.0930 2.821 4.995 53.08 59.97 8%.8

HHMn10-750 87.19 141078 2.825 4.995 49.73 59.84 83D.
HHW1-750 100.00 14.0783 2.821 4,991 71.25 67.21 6Q.0
HHW3-750 87.53 14.0894 2.823 4,991 52.36 56.67 D.92
HHW5-750 83.61 14.0983 2.824 4,992 48.51 52.89 0.91
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From Table 5.11, it is clearly seen that, with cgpamount lattice parameteds c andc/a
values for W and Mn doped samples increase. Inrasinto these, ratios of [003]/[104]
decrease. With these results, it can be claimedwhand Mn can be incorporated into the
structure of layered LiCoO Moreover, some of them should go to Li-site sat tfatio of
[003]/[104] decreases. It is also deduced that withease in doping amount, crystallinity
gets worse which is evidenced from the values efittensities of [003] and [104] peaks,
individually. For Mo and Cr, such a conclusion cainbe drawn, easily. Instead, it can be
claimed that the solubility of layered LiCg@r Mo is lower than 3 mole% as the purity of
layered structure is lowered without significantacbe or uniform increase in lattice
parameters, ¢ and c/a values like that of W and Mn doped samples. With dbping
content increasing beyond 1 mole%, intensities @¥3] and [104] peaks as well as
[003]/[104] ratio do not change. The same discusgovalid for Cr doped samples but it is
not as certain and obvious like Mo doped samples.

Regardless of the type of the doping element aacttect of the dopants on the structure, it
IS certain that doping with amounts higher thande causes impurities.
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Figure 5.13. XRD Patterns of 5 mole% a) Cr, b) k)dvin, d) W doped samples calcined at
750°C for 24 hours.

From Figure 5.13, it is seen that, every doped $arhps different impurities and HT-
LiCoO, content. Cr doped sample containsdrD, (coded as “Xx") and LCO; (coded as
“+") whereas Mo doped sample contains a spinel @ling a general formula of CoMo
(coded as “m”). Although, the only impurity seents lie L,CO; in Mn and W doped
samples, uncompleted splitting of [006]-[102] peaksl [108]-[110] peaks as well as two
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bulges at aboutt219 (Figure 5.14) indicate the occurence of spinel LTa4O, coded as
“s” in Figure 5.13. Also [003] peaks of Mo and Grpeéd samples are narrower than that of
Mn and W doped samples. Figure 5.14 shows thisrdiffce for Cr and Mn doped samples.

The freeze dried precursors were subjected to natlon at 700°C for 24 hours.
Unfortunately; the produced samples contained bEtwe and 10 mole% of impurities
mainly of Li,COs. Therefore, another 24 hours of calcination at®@®as carried out but
impurities (LbCOs) remained at levels of 5 and 10 mole% again. Hasgigen that 48 hours
of calcination at 700°C was not enough for prodgamgle phase HT-LiCoQ14 hours of
calcination at 750°C was applied, also. With thi process, although the amount g00;
lowered to about 4 mole%, it was still very high emhcompared with the previous
experiments.
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Figure 5.14. Position and appearance of [003] p&ala) Cr, b) Mn doped samples.

5.4.4.Attempts to decrease impurity (L,CO3) level

Whittingham [18] claimed that LCOsin layered LiCoQ was useful for increasing safety of
Li-ion batteries. Moreover, Nishi [103] intentiohalused excess LCO; in his study to
develop a safety vent. He also insisted that re$iliyCO; in the cathode material did not
show any negative effect on the cycle life of tedsc However; as LCO;forms according
to below reaction [104];

LiCoO, +§co2 +§ - Li_,Co0, +§Li2C03 (5.1)

it is most likely that the capacity of HT-LiCeWvill be lowered as some Li will be lost as
Li,COs. Therefore, it was decided to do some revisionshenoptimum parameters of the
process. These revisions are;
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a. Decreasing the Li:Co ratio from 1.2 to loweres
b. Discarding the application of pre-calcinatioB@3C for 2 hours).

For the “a” option, two different Li:Co ratio weresed, 1.05 and 1.12. For the “b” option,
two samples were produced with the same parametér®ne sample was calcined directly
at 750°C for 24 hours and other sample was prareal350°C for 2 hours) before higher
temperature calcination (750°C for 24 hours).

The results are listed in Table 5.12. From thidetéttis seen that the ratio of 1.2 for Li:Co is
high so that LICO; phase is formed even if pre-calcination is notfiedp Although it is seen
that LL,CO; amount is 1.4 mole% for the “A” sample, the direalcined of this sample does
not contain LiCOs. As the ratio of [003]/[104] which is an indicatidor the ordering of
LiCoO; is higher for the lower ratios, it is better teeus05 as Li:Co ratio. Moreover, during
the process after decanting of Co(@Hjo drying is applied. Therefore Co(QH$ used as
wet. It is certain that the water contain some dns as washing is applied with LIOH
solution. Therefore, it seems that Li ions used entiran it is needed for producing
stoichiometric LiCo®. Hence, it is decided to use 1.05 as the ratioLio. As ratio of
[003]/[104] is higher for all ratios of Li:Co in ¢hpre-calcined sample, it is decided to pre-
calcine the samples for further studies. Howevegrder to be more certain, a set of doping
experiments with different dopant contents and &ir@tio were also applied. The samples
were calcined at 750°C for 24 hours. The resutsgaren in Table 5.13.

Table 5.12. The results of the experiments aimindetcrease the JGCO; content. A, B and
C stands for the Li:Co ratios of 1.05, 1.12 and 1r2spectively. “DC” suffix shows that the
sample is directly calcined.

Sample| Layered (%) Li,CO;(%) [003])/[104] c(A) a(h) cla
A 98.60 1.40 1.249 14.0677 2.820 4.989
A-DC 100.00 - 1.001 14.0650 2.818 4.991
B 100.00 - 1.058 14.0680 2.820 4,989
B-DC 100.00 - 0.978 14.0666 2.818 4,997
C 99.13 0.87 1.084 14.0715 2.820 4.990
C-DC 98.67 1.33 0.971 14.0699 2.819 4.991
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Table 5.13. The results of the doping experimemtslécreasing the }&€O; content. A and
C stands for Li:Co ratios of 1.05 and 1.2, respetfi W2 means there are 2 mole% W in
the sample instead of Co.

Sample| Layered (%) Li,CO; (%) [003)/[104] c(A) a(h) cla

A-W2 100.00 - 1.060 14.0835 2.822 4.991
C-W2 91.74 7.44 0.912 14.0795 2.821 4,991
C-w1 92.89 6.75 1.005 14.0769 2.821 4.990

It is seen from Table 5.13 that, when Li:Co raBoli05, the best results are achieved in
terms of purity of layered LiCofand ordering characteristics. The significant ¢gjeaof
lattice parameters shows that W is incorporatealtim structure of layered LiCeO

At the end of the studies for decreasing th€0; content, it is decided to use Li:Co ratio of
1.05 and apply pre-calcination in the experiments.
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CHAPTER 6

ELECTROCHEMICAL CHARACTERIZATION

Samples for electrochemical characterization wenayced using powders with below
processing parameters:

- CoN molarity, 0.3 M

- Li:Co:M ratio, 1.05:0.99:0.01 and 1.05:0.98:0.02
- Freeze Drying Time, 24 hours

- Pre-Calcination; at 350°C for 2 hours

- Calcination; at 750°C for 24 hours

From Table 5.13, it was inferred that doping witin@le% was worth to study when Li:Co
ratio is 1.05.

With these parameters, 10 samples were producezkeTwere listed in the"2column of
Table 6.1 with their codes as undoped, Cr1, Cr2] Mdo2, Mn1, Mn2, W1, W2, Wi1Mn1.
Hereafter these codes will be used.

Doctor Blade technique was used for preparing #tleatle materials.

6.1. Structural Characterization

Figures 6.1-6.3 display the XRD patterns of 1 mold&ped samples, 2 mole% doped
samples, as well as co-doping of W and Mn (W1Mn1).

From Table 6.1, the Rietveld results of these XRBgwns are seen. The codes in the second
column of Table 6.1 will be used hereafter. Froabl€ 6.1, it is obviously seen that layered
single phase HT-LiCo©can be produced. All samples have more or lessreddstructure

as [003]/[104] ratios are near 1. However; W1Mngenthis ratio as 0.910. It is thought that
this lower ratio is caused by occupation of Li-diteone of the doping elements, rather than
Co-site. However; the lattice parameters for W1Mnd so high that significant occupation
of Li-site cannot be proposed. C.Pan et al. [6&lnekd that Cr might occur in Li-site due to
their Nuclear Magnetic Resonance (NMR) studies.sat® similar behaviour with Cr doped
samples so that Cr occupation of Li-site can bened.

In order to see whether an experimental differearud/or variation in Rietveld analyses are
in question for the samples, we applied XRD torapure undoped sample in different days.
This sample was subjected to XRD for 6 times indhths. It was seen that the values of
lattice parametec were between 14.067+0.004 A and [003]/[104] raticsre between
1.001+0.08. This value is lower than 1.2 which hig trratio to be achieved for perfect
ordering according to [45]. Purity of layered LiCo@as between 96.22+0.54 mole%.
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When Figures 6.1, 6.2 and 6.3 are considered tegeditiere are some minor differences in
the samples which the detection limit for this eli#fnce is below than that of XRD and
Rietveld analysis. The main visual difference of gamples is due to the completion of
splitting of [006]-[012] and [108]-[110] peaks btite difference is not significant for
detailed discussion.

Table 6.1. The results of the Rietveld analyses.

Poped Element  code La({/‘j)r ed  1003)[104] c(A)  a(d) cla
0 mole% Undoped 100.00 1.005 14.063 2.818 4.990
1 mole% Cr crl 100.00 0.949 14.059  2.818  4.989
2 mole% Cr Cr2 100.00 1.080 14.058  2.817 4.990
1 mole% Mo Mo1l 100.00 1.024 14.067  2.819 4.99D
2 mole% Mo Mo2 100.00 1.192 14.070  2.819 4.991
1 mole% Mn Mn1 100.00 1.015 14.070  2.818  4.998
2 mole% Mn Mn2 100.00 0.978 14.074  2.819 4.998
1 mole% W w1 100.00 1.048 14.070  2.819 4.991
2 mole% W W2 100.00 1.047 14.074  2.820  4.991
1 {”;'Oeloe/‘f%WMi”d WiMnl  100.00 0.910 14.071  2.819 4.991

4% 4 B
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Figure 6.1. XRD Patterns of a) undoped, b) Cr1, o) Mn1, e) W1.
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Figure 6.3. XRD patterns of a) undoped, b) W1Mn1.

6.2. Microstructure and Distribution of Dopants in the Structure

For determining the morphology and particle sizgribution of samples, SEM photos were
taken. Also, EDX analyses were applied for chemacallyses throughout the bulk samples.
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Figure 6.4. SEM photos of the doped samples.

From Figure 6.4, it is seen that particle sizesimoped and Cr doped samples are larger
than the others. Their particles sizes are in tbi@ity of 600-1000 nm while the others have
the particle sizes of about 200-500 nm. Also #éen that the samples containing 1 mole%
dopants have larger particle size than these ahba@ mole% dopants. W1Mnl has nearly
the same particle size with 2 mole% doping elemdhisan be easily claimed that doping
elements act as grain growth inhibitors. Althoulgé shape of the powders is not uniform, it
is seen that the shape is between hexagon andespher
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EDX wasapplied to different regions in the samplThe doping content and EDX rest
are nearly saméesides EDX, mapping is applied fdl the materials in order to decide
the uniform distribution of Co andopingelements. The pictures taken during mappinc
given in Figure 6.5From mapping pictures, it is seen that the dopiegents are uniformi
distributed throughout the matrix phase, LiG;. During mapping, the regions that cont
different doped elemes are tried to be used. For example, for 1 #oler doping, a regio
that contains 1, 3 anc molé Cr is used for mapping. If such a region canreofdund,
mapping is applied at a region that seems diffethah the general appearance of
material. @ly the mapping pictures o mole% dopd samples are given in Figure.

Figure 6.5The mapping 02 mole% doped samplemiddle pictures belong to Co and |
pictures belong to doped elements.
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Mapping is also applied for the sample W1Mnl andsitseen that W, Mn and Co
uniformly distributed throughout the matrix phaséCoO,. The mapping of WiMnl |
given in Figure 6.6.
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Figure 6.6.The mapping of W1Mn1, uppleft is for Co, upperight is for Mn and lowe
left is for Was well as the phoi(lower right) of the region.

In order to test the validity of mapping, a samipdeving high amount of second phase -
used. For this purposa,sample that had 1.aveight % LpCrO, as an impurity phase w.
used. First the sample was thoroughly investigatemtder to find a region havirdifferent
appearance than the general appearéAfter deciding for such a regioEDX was appliec
and Cr contentvas found abor 16 mole%which was higher than the bulk Cr con.
Therefore it was decided to apply mapping at thggan. Figure 6.7 reveals the mappand
Table 6.2 gives the chemicahalysi: of the region.

As seen from figure 6.7, yjapping regions containing different elemental distributian

be distinguishedthe amount of Co is very low at the flat partialbich is at the bottom ¢
the picture or the amount of Cr at the flat pagtid more than the other part of the regi
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Therefore as uniform distribution of dopants isrsat other samples, we can conclude that
doping elements are incorporated into structulaysred LiCoQ.

Figure 6.7. Mapping of sample having a region dointg high Cr (left side) and Co
(middle) as well as the photo (right) of the region

Table 6.2. EDX results of the region mapped andctieghin Figure 6.7.

Element Weight % Mole %
CrK 14.53 16.16
CoK 85.47 83.84

6.3. Galvanostatic Charge-Discharge Tests

6.3.1.Discharge Capacities and Cycleability of Samples

After having decided that the doping elements vigtzerporated, electrochemical properties
of the samples were determined.

The first technique used for this purpose was ahdigcharge tests. The cycle test was
conducted between 2.75-4.25 V. Two sets of teste wpplied to the samples. In the first
set, the charge rate was held at 0.3C (1C correlspian140 mAh/gr) and in the second set,
the charge rate was held at 1C. For both setshatige rate was 0.3C, 0.75C, 1.5C and 3C
for each 20 cycles. In the first set, last 5 cyelese reserved for charging and discharging
with 0.3C. In the second set, 5 more cycles wernglieg for charging with 1C and
discharging with 0.3C and finally, last 5 cyclesreveeserved for charging with 0.3C and
discharging with 0.3C. To sum up, 85 cycles wengiagd in the first set, and 90 cycles were
applied in the second set excluding the first ceatigcharge cycle in which charge rate and
discharge rate were 0.3C. The results of the chdiggdnarge tests of the first set (charge
rate, 0.3C) for 1 mole% doped samples can be seenFigure 6.8.
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Figure 6.8. Charge-discharge curves of 1 mole% dlspenples when charge rate is 0.3C.

Figure 6.8 reveals that Mnl has the best cyclingabeur while Crl has the worst
behaviour at the end of the full set. Increasing thischarge rate results in better
performance with Mnl. Higher discharge rates make performance of Mol worse,
however, it can gain a significant amount of cajyasihen discharge rate is lowered. The
first discharge capacity is almost same for all glasy except Crl. The value of this
parameter for undoped, Crl, Mol, Mnl and W1 is 8097.2, 108.8, 105.2 and 104.2
mAh/gr, respectively. At the end of theSSchIe, undoped, Cr1, Mol, Mnl1 and W1 have
capacity retention of 42.3, 47.0, 31.8, 62.8 andB%h respectively. When these samples
were charged one more time with 0.3C charge raie seen that capacity retention increases
for all samples. The capacity retention for undopged, Mol, Mnl1 and W1 is 76.5, 77.5,
81.4, 84.5 and 81.1%, respectively. Therefore it ba claimed that, Mn doped sample
shows the best charge-discharge behaviour in tefragcleability and high rate capability.
High rate capabilities of Mol and W1 are very lowile both samples have sufficient
capacities at moderate discharge rates (0.3C-0.78@)ough Crl shows good high rate
capability, its capacity retention is the worstret end of the whole cycle.

The results of the charge-discharge tests for 2% aloped samples are given in Figure 6.9
from which it is interestingly seen that Cr2 has Hest high rate capability. It is also seen
that this sample has the worst capacity gain aktite of the whole cycle. Excluding Cr2,
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undoped sample has the worst electrochemical bedmavihe first discharge capacity does
not change significantly but this time undoped damipas the highest first discharge
capacity. The value of this parameter for undog&@, Mo2, Mn2 and W2 is 104.8, 100.1,
100.6, 102.3 and 103.3 mAh/gr, respectively. At ¢mel of the 8t cycle, undoped, Cr2,
Mo2, Mn2 and W2 have capacity retention of 42.31536.0, 31.2 and 30.4%, respectively.
When these samples were charged one more timeDv@@ charge rate, it is seen that for all
samples capacity retention increase. The capaatigntion for undoped, Cr2, Mo2, Mn2 and
W2 is 76.5, 71.3, 81.8, 80.5 and 82.4%, respegtivadr 2 mole% doped sample, a general
trend for all of the electrochemical propertiesruarbe reached. The first discharge capacity
is better for undoped, high rate capability is Itlest for Cr2 and capacity retention is highest
for W2 throughout the whole cycle. Although higleraapability of Cr2 is the best, capacity
retention is the worst for this sample. This isyverteresting result and the reason of this
result is unknown.
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Figure 6.9. Charge-discharge curves 2 mole% dopegles when charge rate is 0.3C.

It is also deduced that doping with a content om@le% gives worse electrochemical
behaviour than 1 mole% doping. The results ardaiisgd in Figure 6.10. Both of the doping
content recovers well after discharged at hightastaFor Cr doped samples, Cr2 has better
high rate capability, while cycleability is better Crl. All electrochemical performance of
W1 and Mnl is better than W2 and Mn2, respectivelyx Mo doped samples, although
Mol shows better electrochemical performance, Ma dlightly better high rate capability.
Excluding high rate capability (discharge rate 69,3Cr and Mo doped samples have almost
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same gap between the discharge results indicdtatgtiere is no much difference between 1
mole% and 2 mole% doping contents when cycleabgityonsidered. However; for Mn and
W doped samples, increasing discharge rate leaggattual increase of the gap between 1
mole% and 2 mole% doping of these elements. Threase of gap for W doped samples is
smaller than that of Mn doped samples.
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Figure 6.10. Charge-discharge behaviour of 1 made®2 mole% doped samples when
charge rate is 0.3C.

After completing the set having the charge rat.8C, the second set in which charge rate
was 1C was applied. Figure 6.11 reveals the restiltsmole% doped sample when charge
rate is 1C. The first cycle of this set containarge and discharge rates of 0.3C.

From Figure 6.11, it is seen that Crl has the bgding behaviour while W1 has the worst
behaviour at the end of the cycles with charge HtelC. Recalling that the last 5
experiments were conducted with charge rate of Qi3S again seen that Mol gains the
capacity that is lost with higher discharge rat&fier 81 cycles, while W1 retains about
35.8% of its first discharge capacity with lowemohe rates (0.3C), it only retains 25.1% of
the first discharge capacity with charge rate of I@ferestingly, this value is the worst
among other doped samples. Mn1 shows similar betgvtapacity retention of this sample
when charge rate is 1C is nearly halved when coedpaith charge rate of 0.3C (37.7%
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versus 62.8%). The comparison of capacity retestiowards different charge rates reveal
same results for Mol (31.8% versus 29.1%). As usuakxception is seen for Crl which is
the only sample having higher capacity retentioremvicharge rate is 1C (52.0% versus
47.0). The first discharge capacity does not chamgificantly but this time Mn1 has the
highest first discharge capacity. The value of fhasameter for undoped, Crl, Mol, Mnl
and W1 is 95.7, 89.7, 92.5, 98.5 and 89.2 mAh&gpectively. First discharge capacities of
all samples are decreased with increasing chatgeMal has the highest capacity among 1
mole% doped samples. It is to be remembered tleafitdt squares in figures showing the
results of tests with 1C charge rate, belong tdimneary test which has charge and
discharge rate of 0.3C for one cycle.

The comparison of doped samples with different ghaates can be seen schematically in
Figure 6.12. From this figure, it is obviously sebat all samples show worse cycleability

with higher charge rates as expected. Interestir@iy has better high rate capability with

1C charge rate and high rate capability of Mol se@amependent of charge rate. Other
samples show notable differences with increasirrggghand discharge rates.
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Figure 6.11. Charge-discharge curves of 1 mole%edgamples when charge rate is 1C.
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Figure 6.12. The results of the charge-discharggs & 1 mole% doped samples with
different charge rates.
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From Figure 6.13, the results of the charge-diggh#ests of 2 mole% doped samples when
charge rate is 1C can be seen. From the resuissséen that Cr2 shows the best behaviour
which is similar to the experiments having chame of 0.3C. High rate capability of Cr2 is
far better than that of other doped samples. Ateth of the tests with charge rate of 1C,
Mn2 has the best cycleability. When charge ratevigered to 0.3C (last 5 cycles), the gap
between Mn2 and other samples is increased. W, nbumdoped have worse high rate
capability but they can recover their capacity whetharge rate is 0.3C. The first discharge
capacity is again highest for Mn containing san{p@2). The value of this parameter for
undoped, Cr2, Mo2, Mn2 and W2 is 95.7, 96.9, 8887 and 87.2 mAh/gr, respectively.
First discharge capacities are generally decreadtbdincreasing doping content except Cr
doped samples. This abnormal behaviour of Cr dgjpaaples is also seen with charge rate
of 0.3C.

When 2 mole% doped samples are compared towardshtirge rates (Figure 6.14), it is
seen that at low and moderate discharge rates @.AL-1.5C), charging with 0.3C yield
better results for all samples. However; when hiigicharge rates are used (3C), the result is
reversed that charging rates of 1C yield bettanltegxcept undoped sample. For Mo doped
samples, high rate capability seems independent &twarge rate. Charge retention for Cr2
when charge rate is 0.3C is 57.1% and this valueci®ased to 64.3% when charge rate is
1C. At the charge rate of 0.3C, capacity retentialues for Mo2, Mn2 and W2, are 36.0,
31.2 and 30.4%, respectively while these values38rg&%, 46.2% and 36.4%, respectively
at the charge rate of 1C. It is seen that the sssngdn be charged at higher rates without
significant capacity loss. Figure 6.14 revealsdleetrochemical behaviour difference of the
samples between 0.3C and 1C charge rates.

From Figure 6.14, it is also seen that the loghénfirst cycle is larger for charge rate of 1C,
as expected.

When charge-discharge results for high charge (a@ are compared towards doping
content, it is seen that for every discharge ratmole% doping yield better results. Figure
6.15 gives the charge-discharge tests with chatpeaf 1C with different dopant contents.
In experiments with charge rate of 1C, every sarshlaws better cycleability for 2 mole%

doping contents. The gap between the dischargecitigsaincrease with increase in

discharge rates, however, similar differences aceitwed for all samples, therefore it can be
claimed that the cycleability of 2 mole% doped skmjis better than that of 1 mole% doped
samples. For first discharge capacities such anoobvconclusion cannot be drawn as
capacities of 2 mole% doped samples are lowerlf@amples except Cr doped ones. High
rate capability is better for 2 mole% doped samples

Same procedure was followed for WiMn1l. The resfitthe charge-discharge tests of this
sample are given in Figure 6.16 with the comparamdoped, Mn1 and W1.
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Figure 6.14. The results of the charge-dischargts @ 2 mole% doped samples with
different charge rates.

From Figure 6.16, it is seen that W1Mn1 samplethasbest electrochemical behaviour in
terms of high rate capability and charge retentibme capacity of this sample is not so
different than other samples. For 0.3C, it has @xB/mAh/g lower capacity than the sample
having the highest capacity (Mol, 108.8 mAh/g). B2, it has the largest discharge
capacity with 99.2 mAh/q).

Table 6.3 summarizes all results of charge-diseéhgegts from which it is seen that WiMnl
shows much better electrochemical behaviour than dthers. When electrochemical
behaviours are discussed, almost all electrochémparameters are better for doped samples
than that of undoped sample. When first dischaagadities are considered, 2 mole% doped
samples have lower capacities than 1mole% dopegleanndicating increase of Li-site
occupation or inhomogeneous distribution of dopantthe structure. W1Mnl has much
higher rate capability than other samples. It diss very good cycleability. Mo doped
samples can recover the capacity loss satisfagtdmilt cannot have the best behaviour in
any of the electrochemical parameters. To sum ygeability and high rate capability of
undoped are increased with doping. When high ra@palaility is taken into account, it is seen
that Cr doped samples have the best behaviour aneng@ther doped samples so it is
meaningful to compare high rate capability of W1MEI1 and Cr2 samples. Figure 6.17
reveals this comparison and it is seen that hitgaapability of W1Mn1 is better. Also, the
capacity retention at the end of the full cyclbaster for W1Mn1.
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Table 6.3. Summarizing the results of charge-digghtests.

Serials FDC CR81 CR82 FDC CR81 CR82 CR87
P Ch0.3 Ch0.3 Ch0.3 Chi Chi Chi Chi
Undoped 104.8 42.3 76.5 95.7 31.7 59.2 75.3
Crl 97.2 47.0 77.5 89.7 52.0 67.4 83.8
Cr2 100.1 57.1 71.3 96.9 64.3 69.7 79.1
Mol 108.8 31.8 81.4 92.5 29.1 60.7 82.3
Mo2 100.6 36.0 81.8 88.2 38.5 65.1 85.4
Mn1 105.2 62.8 84.5 98.5 37.7 62.0 75.3
Mn2 102.3 31.2 80.5 98.7 46.2 69.9 86.1
W1 104.2 35.8 81.1 89.2 25.1 56.8 81.2
W2 103.3 30.4 82.4 87.2 36.4 64.9 84.9
W1Mnl 105.5 80.8 87.8 99.2 81.0 83.9 88.3
LEGEND:
FDC Ch0.3 = First Discharge Capacity when chartgeisa0.3C (mAh/gr)
FDC Ch1l = First Discharge Capacity when chargeisat€ (mAh/gr)
CR81 Ch0.3 =% Cap. retaining after 81 cy. (atethe of the cycle having the dis.rate as 3C) — Gite R.3C
CR82 Ch0.3 =% Cap. retaining after 82 cy. (th& fiycle having the dis. rate as 0.3C-last) —r@te 0.3C
CR81 Chl =% Cap. retaining after 81 cy. (at th@ & the cycle having the dis.rate as 3C) — Cle. 1&
CR82 Chl =% Cap. retaining after 82 cy. (the fissle having the dis. rate as 0.3C-last) — Cte 1&
CR87 Chl =% Cap. retaining at the begigmhthe 87tftycle when Ch. rate 0.3C and Dis. rate 0.3C —

Ch.rate 1C for 86 cycles
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Figure 6.17. Comparison of charge-discharge tddtg¢1ldn1,Crl and Cr2.
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6.3.2.Voltage profiles and energies of samples

Voltage profiles of the samples at a certain cyetre plotted. At every discrete step of
charge-discharge tests, the voltage profile atsthecycle is plotted. Table 6.4 summarizes
the voltage values at the middle of the profiles.

From Table 6.4, it is seen that W1Mn1l also showsHighest voltage value. Considering
that the capacity of W1Mnl is relatively high, @rcbe claimed that W1Mn1 is the highest
energy containing sample among undoped and othpEddsamples.

For voltage profiles, there is no significant diface between the doped samples, but
undoped sample shows the worst behaviour for evaligge profile. The voltage profile of
W1Mnl does not change with charge and discharges rahe gap between W1Mnl and
other samples is increased with the fastest digehate, 3C as evidenced from Figure 6.20i
and 6.20j.

Apart from numerical values, the best cycleabibfyW1Mnl can be visually seen from
Figures 6.18 and 6.19. As expected, with increadiagharge rate, shift of voltage profiles
to lower voltages and discharge capacities are.ddewever; this shift is minimal for
W1Mn1 for both charge rates (0.3C and 1C). Althodgitharge capacities are lowered with
1C charge rate than that of 0.3C charge rate sités that with increasing discharge rate, the
gap between voltage profiles of W1Mn1 does not ghdor 1C and 0.3C charge rates. This
is an important indication of the high rate capgbaf W1Mn1.

When W1Mn1l is excluded from the discussion, it é&rs that the differences between
undoped sample and other doped samples are naticigh When doping contents are
compared, for charge rate of 0.3C, Mo and W dopedptes show no difference. Cr2 has
better profile than that of Crl. In contrast totfh®inl has better profile. When the
comparison is made for charge rate of 1C, simidralviour is seen for all samples except
Mn. For 1C charge rate, Mn2 has better profile thaml especially for higher discharge
rates.

From Figure 6.20, voltage profiles of W1Mn1l, unddpmnd samples doped with land 2
mole% are seen at various charge and discharge. rate profiles are plotted during
discharge. They belong to th& Bycle of the tests. Extreme rates (Figure 6.26i &120j;
charge rate is 1C, discharge rate is 3C) are chwsender to see cycleability at highest
charge-discharge rates (harsh condition). Eighenptwts with various charge and discharge
rates including the mildest condition where chargge is 0.3C and discharge rate is 0.3C
(column 2 in Table 6.4, Figure 6.20a and 6.20b)dresvn. Although the voltage profile of
W1Mnl is one of the best for the samples at diffedharge and discharge rates, the best
profile of W1Mn1 can be easily seen in plots havilgirge and discharge rates as 1C and
3C, respectively. Regarding that voltage profiles r@lated with the chemistry of materials,
it may be claimed that co-doping of W and Mn altdrs chemistry of undoped towards
higher voltage profile.
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These results indicate that W1Mnl is the best sarpbe used as cathode material in Li-
ion batteries among the samples studied in thisighgith regard to cycleability, high rate
capability and voltage profiles. Considering tha tlischarge capacities are nearly same for
all samples, highest voltage profile at high chaigeharge of W1Mn1 lets this sample to be
used in applications requiring high energy and Kasttics.

Table 6.4. Some numerical values of voltage atrtuzlle of profiles of the samples.

sample | VBNV V5(V)  V5(V) V5 (V) V5 (V) V5(V) V5 (V)
P 0.3-0.3i 0.3-3 0.3-0.3s 1-0.3i 1-3 1-0.3s 1-0.33-0.3s
Undoped 3.70 3.00 3.65 3.70 2.94 3.59 3.62
Crl 3.79 3.10 3.69 3.75 3.21 3.70 3.75
Cr2 3.83 3.28 3.75 3.79 3.47 3.79 3.82
Mol 3.73 3.13 3.65 3.71 3.07 3.61 3.69
Mo2 3.75 3.03 3.65 3.73 3.11 3.64 3.74
Mnl 3.80 3.28 3.75 3.75 3.11 3.65 3.72
Mn2 3.77 3.01 3.68 3.74 3.21 3.69 3.74
w1 3.75 3.10 3.67 3.70 3.03 3.56 3.68
W2 3.72 3.01 3.64 3.71 3.06 3.62 3.71
W1iMnl 3.81 3.62 3.79 3.80 3.65 3.81 3.83

LEGEND:

V50.3-0.3i = Voltage values at th¥ Bycle when charge and dis. rate is 0.3C (firs€0ds. rate)

V5 0.3-3 = Voltage values at th¥ Bycle when charge rate 0.3C and dis. rate is 3C

V50.3-0.3s = Voltage values at tH2&/cle when charge and dis. rate is 0.3C (last @i3Crate)

V5 1-0.3i = Voltage values at th& Bycle when charge rate 1C and dis. rate is 0.36t (i3C dis.rate)

V5 1-3 = Voltage values at th& Bycle when charge rate 1C and dis. rate is 3C

V51-0.3s = Voltage values at th8 &ycle when charge rate 1C and dis. rate is 0.2€ (.3C dis. rate)

V5 1-0.3-0.3s = Voltage values at tHE&. when ch. rate 0.3C and dis. rate is 0.3C (&fery. with ch. rate 1C)
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Figure 6.18. Voltage profiles of the samples charge0.3C and discharged at given C rates.
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Figure 6.19. Voltage profiles of the samples chargel C and discharged at given C rates.
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6.4. Cyclic Voltammetry (CV)

6.4.1.Reversibility, Kinetics and Diffusion Coefficientsof Samples

Cyclic Voltammetry was applied to the samples, Weth Crl, Cr2, Mol, Mo2, Mn1, Mn2,
W1, W2 and W1Mn1l. It was applied with three differscan rates, 0.02 mV/s, 0.05 mV/s
and 0.08 mV/s between 3-4.5V. At each scan ratetfiro cycles were recorded.

During the estimation of the ratio peak currentsthbmethods indicated in section 3.2 was
used. The classical ratio is shown by simplji;i and the ratio found by extrapolating the
baseline for cathodic scan is shown by Exfipi in Table 6.5.

From Table 6.5, the numerical values of the CVshef 2" cycle with scan rate 0.02 mV/s
can be seen. Peak current ratios estimated frossickl and extrapolation methods do not
give different results when comparison of theséosats in question rather than that of
individual values. Therefore, it is decided to coné by taking the classical estimation of
ratios into account. Table 6.5 reveals very impartaesults such as reversibility is the
highest for W1Mn1 witm\E value 0.069mV which is nearly equal to the theoaévalue of
reversible proces\E ~0.059 mV for one electron transfdv)oreover the value ofdi,. for
W1Mnl is nearest to 1 when compared with other sesnp

Table 6.5. The numerical values of CVs of sampleing 2" cycle withv=0.02 mV/s.

Ew  Eux T .. Ext.
v ™ CEM ) may Tl

Undoped | 4.037  3.807 0.230 0.78 0.62 1.258 1.829
Crl 4.030 3.811 0.219 0.73 0.63 1.159 1.825
Cr2 3.990 3.836 0.154 0.72 0.66 1.091 1.4%2
Mo1l 4.017  3.829 0.188 0.58 0.50 1.160 1.933
Mo2 3.999 3.833 0.166 0.60 0.52 1.154 1.796
Mn1 4.093 3.817 0.276 0.43 0.38 1.132 2.945
Mn2 4.002  3.838 0.164 0.51 0.47 1.085 1.841
W1 4.025 3.821 0.204 0.57 0.52 1.096 1.939
W2 4.025 3.818 0.207 0.37 0.35 1.057 1.814

WiMnl | 3.938 3.869 0.069 0.48 0.47 1.021 1.371

Sample

When shapes of CVs with different scan rates (lEiguR1 and Figure 6.22) are considered,
the sharpest and narrowest shape belongs to WI1Nhése results indicate that the
reversibility of W1Mn1 is the best among other sap

CVs shown in Figure 6.21 and 6.22 belong to themsgcycles. From these figures, results
of CVs of all 10 samples can be seen with regarsctn rates. It is seen that the sharpest
cathodic and anodic peaks belong to WI1Mnl. This icaids faster
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intercalation/deintercalation kinetics which isaalsvidenced from charge-discharge tests.
CVs of undoped, Crl and Cr2 resemble with eachrothdés seen that with increase in
doping content except W doped sample, the peaksshatper meaning that faster
intercalation/deintercalation occur [105]. With GMsis seen that reversibility increases
with doping. From Table 6.6 and Table 6.7, the micaé values of anodic and cathodic
currents and voltages are given for all scan rdtesm these tables, slopes of current vs.
scan rate and voltage vs. scan rate graphics futiamnd cathodic scans can also be seen.
Diffusion coefficients were estimated by Randlesede equation (refer to section 3.2,
equation 3.1) with;

Table 6.6. Data of anodic i (deintercalation) anof EVs withv of 0.02, 0.05 and 0.08

mV/s.
S— v =0.02 mV/s | v =0.05 mV/s 'v =0.08 mV/s Slope  Slope (CWE])Z/S)
i (MmA) E (V) i (mA) E (V) i(mA) E (V) I-v E-v %10°
Undoped 0.78 4.037 1.34 4,182 1.76 4291 0.218 61.78 2.7
Crl 0.73 4.030 1.23 4.156 1.65 4,278 0.204 1.732 3 2.
Cr2 0.72 3.990 1.19 4.078 1.57 4,169 0.189 1.247 0 2.
Mol 0.58 4.017 0.98 4,125 1.30 4,220 0.160 1421 4 1
Mo2 0.60 3.999 0.97 4.082 1.24 4.144 0.142 1.020 1 1
Mn1l 0.43 4.093 0.72 4.312 0.97 4,496 0.120 2.825 8 0|
Mn2 0.51 4.002 0.90 4,101 1.22 4,175 0.157 1.217 4 1,
W1 0.57 4.025 0.96 4,136 1.28 4.242 0.157 1.516 14
W2 0.37 4.025 0.58 4,124 0.75 4,204 0.084 1.256 0.4
W1Mnl 0.48 3.938 0.74 3.967 1.04 3.985 0.123 0.3320.9
Table 6.7. Data of cathodic i (intercalation) andfECVs withv of 0.02, 0.05 and 0.08
mV/s.
— v =0.02 mV/s | v = 0.05 mV/s .v = 0.08 mV/s Slope  Slope (crlrjlz/s)
i(mA)  E() i(mA) E(V) i(mA) E(V) i- v E-v x10°
Undoped 0.62 3.807 0.84 3.721 1.03 3.641 0.091 66e1.1 0.5
Crl 0.63 3.811 0.85 3.720 1.03 3.628 0.089 -1.276 4 0
Cr2 0.66 3.836 0.87 3.772 1.01 3.708 0.078 -0932 3 0
Mol 0.50 3.829 0.78 3.768 0.99 3.710 0.109 -0.831 .7 O
Mo2 0.52 3.833 0.80 3.769 1.01 3.723 0.109 -0.666 .7 O
Mn1l 0.38 3.817 0.53 3.728 0.60 3.609 0.050 -1439 1 0
Mn2 0.47 3.838 0.74 3.781 0.96 3.738 0.109 -0.703 .7 O
W1 0.52 3.821 0.80 3.749 1.00 3.693 0.107 -0.899 6 O
W2 0.35 3.818 0.52 3.740 0.64 3.671 0.065 -1.029 2 O
WiMnl 0.47 3.869 0.71 3.842 0.78 3.809 0.070 -0.4160.3
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Figure 6.21. CVs of undoped, WiMn1l, Mn1, Mn2, W1l &2 withv of 0.02 mV/s,
0.05mV/s and 0.08 mV/s.
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Figure 6.22. CVs of Crl, Cr2, Mol, Mo2 withof a)0.02 b)0.05 ¢)0.08 mV/s.

From Table 6.6 and Table 6.7, it is seen thatusdifin coefficient values are not responsible
for better kinetics of W1Mnl because although it tagher values than that of most
samples, the largest values are for undoped saampléMn2 for anodic and cathodic scans,
respectively. Mnl has the smallest diffusion ca#ft for cathodic scan and W2 has the
smallest diffusion coefficient for anodic scan. TWadues of diffusion coefficients for the
samples are in accordance with the results obtdiged/aki et al. [61] by using CV. They
estimated diffusion coefficient of undoped sampe2s6x1F cnf/s and 20 mole% Mn
doped sample as 6.4x1@ntf/s. These values are bit higher than the valuésiasd in this
study. It is believed that this is due to the higb&tion mixing in this study. In addition to
that they estimated surface area and used it indhkeulations, whereas geometric area was
used in this study. Apart from CV, different metBoslere applied for estimating diffusion
coefficients. The diffusion coefficients estimated this study are consistent with the
diffusion coefficients estimated by Mizushima et.[206] (5x10° cnf/s for LiCoO,,
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0.%x<0.8, estimated by galvanostatic method) and ChdiRyun [107] (18 to 10° cnf/s
for Liy,Co0,, 0.5<x<0.7, estimated by galvanostatic intermittent ticratechnique, GITT).

From Table 6.6, during anodic scan (de-intercatdtithe diffusion coefficient of undoped is
the largest among the other samples. Althoughicéafiarametec of undoped is smallest,

highest diffusion coefficient can be attributedthe lower degree of cation mixing for this
sample which can be evidenced from lack of highagal peaks during CV (Figures 6.26 to
6.30). Moreover; Li-gap which is discussed in dagtailChapter 7 is comparably higher than
other samples.

When i vs. scan rate plots of these samples amend(Bigure 6.23), it is seen that the gap
between anodic and cathodic scans is the smattesivV2. The gap between anodic and
cathodic scans is large for Cr and undoped sample.

However, when slopes of voltage vs. scan rateca@msidered, it is seen that, the smallest
slopes for both anodic and cathodic scans beloMgidnl with values of 0.332 and 0.412,

respectively. This is an indication that W1Mn1l isiagh more stable when deviation from

equilibrium potential is considered. In other wqrgslarization resistance of W1Mnl is

lower hence it is better high energy cathode materhen compared with other samples in
this thesis. Voltage vs. scan rate plots of W1Mriemcompared with undoped, Cr2, Mn1,

W1, W2 and Mo2 for both anodic and cathodic dimtiiare given in Figure 6.24. From this

figure, the gap between anodic and cathodic scare enlarged less with W1Mn1 when

compared with other samples. Similar behaviourewéiserved for other samples also.

From CV data, it is inferred that difference inaralation and deintercalation rates is the

lowest for W1Mn1l. Moreover, reversibility propesiare best for this sample. This is due to
the lower polarization resistance of W1Mnl.
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Figure 6.23. Anodic and cathodic currentw’ plots of W1Mn1 and other samples.

111



E (V)

- - -W1-Cat.

4.4- - - = Undoped-Cat. 4.4-
- - -W1Mnl-Cat. - - - W1Mnl-Cat.
Undoped-An. — WI1-An.
424 —— W1Mn1-An. 42/ —— WI1Mnl-An.
4.0 4.0
/ /
a8 ~-_ T TTTm=-- 3.8 *~\\\: -------
3.6 : , , , 3.6 . . i X
0.15 0.20 0.25 0.30 0.15 0.20 0.25 0.30
4 - - -wa-cat. 441
- - -W1Mnl-Cat.
— W2-An. - - - Mnl1-Cat.
21 —— WiMn1-An. 21 - - - WiMn1-Cat.
Mn1l-An.
— W1Mnl-An.
4.0 4.0
/ /
3.8 \‘~\\ --------- 3.8 \\\\ ---------
3.6 . : . 36 . , I ~ < ,
0.15 0.20 0.25 0.30 0.15 0.20 0.25 0.30
4.4 4.4
- - - Cr2-Cat. - - - Mo2-Cat.
- - =W1Mn1-Cat. - - - W1Mnl-Cat.
4.2 —— Cr2-An. 4.2 Mo2-An.
— W1Mn1l-An. —— W1Mnl-An.
4.04 / N /
/ /
3.8 ‘*~\\: ------ 3.8 \“~~:::: -----
36 - ; - 1 36 ; ; ; .
0.15 0.20 0.25 0.30 0.15 0.20 0.25 0.30

Figure 6.24. E va:* plots of W1Mn1 and other samples.
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6.4.2.High Voltage and Impurity Peaks of CVs

It is known that cathodes containing layered LiGo@dergo hexagonal-monoclinic-
hexagonal phase transition at above 4.1 V. The gghaf lattice parameters and these
transitions were studied by Reimers and Dahn [10B¢y proposed a phase diagram which
is given in Figure 6.25 with change of the lattimrameters during the phase transitions.
According to them, between 0.93<k hexagonal to hexagonal phase transition begids a
transition is completed when x=0.75. Between €x¥s®.75, single phase occurs.
Deintercalation of Li beyond 0.55 results in hexagjoto monoclinic transition. However;
doping [109] or coating of LiCo§J110] may depress these transitions or may mad tio
be seen more clearly as observed by Gopukumar [&G4l
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Figure 6.25. Phase transitions and lattice parammetenge of LICoO, with x [108].

From Figures 6.21 and 6.22, it is also seen tha sates of 0.05 mV/s and 0.08 mV/s are
high for determining peaks belonging to phase ttians. For determining phase transitions
and phase impurities, Fey et al. [110] proposed sican rate and investigation of first cycle
in order to be able to observe these peaks. Therdgly's having the scan rates of 0.02 mV/s
for the first cycle are investigated in detail fugh voltage peak occurrence. Figure 6.26
through 6.30 show the CVs of first cycles whichdaean rates of 0.02 mV/s. In each figure
CV of undoped sample is given for comparison. Meegpin each figure the high voltage

region (4.00-4.25 V) is enlarged in order to bet&ualize the peaks and an inlet is
displayed for this region. Also as there occuréngle peak during anodic scan at about 3.8
V, this region is enlarged and is shown at theldeftom of each figure.
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From Figures 6.26-6.30, it is seen that there acesungle peak at voltages of about 3.8 V
during anodic scan. This peak was also observeduang et al. [111]. They observed this
peak at their samples fired at 300°C and 600°C. XRferns revealed an impurity phase of
Li,CO; at 300°C in their study. Although this impuritygsewas disappeared at 600°C in the
XRD pattern, they still observed a minor peak abwt.8 V during anodic scan in CV.
They thought that with temperature, the ordering purrity of layered LiCo@was increased
Yoon and Kim [112] attributed this peak to occumerof LT-LiCoQ,. As it is determined
from [003]/[104] ratio that there occurs cation imix in the samples, formation of LT-
LiCoO, can be validated. From XRD, this phase cannodbatified as the content of it is
low and diffraction patterns are similar with HT&9aO,. Moreover; Kavan and Gratzel
[113] claimed that CV is a better method for idBtig minor peaks. Therefore, these peaks
can be attributed to very low amount of€C0; or LT-LIC0G, in the samples. All doped
samples have this minor peak at about 3.8 V exoepbped. When ICP analyses are
consulted (Table 7.1), it is seen that undopedtiadeast Li content (except W1Mnl) and
this sample does not contain any minor peaks in CV.

Gopukumar et al. [73], Madhavi et al. [114] and Hgeet al. [111] claimed that having
minor peaks at high voltages (> 4 V) might be dmatito inhomogeneous distribution of
elements in LiCo@matrix. Results of CV in this study are in agreatngith these studies.
Plots of CVs of doped samples show negligible diffees with each other. So it can be
claimed that the differences in structural, ordgiamd impurities of the samples in this study
is so low that, they are not dominant to explair ttfferences in electrochemical
behaviours.
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Figure 6.26. CVs of Crl, Cr2 and undoped samplés sgan rates of = 0.02mV/s.
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Figure 6.27. CVs of Mo1l, Mo2 and undoped samplél gdgan rates of = 0.02mV/s.
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Figure 6.28. CVs of Mn1, Mn2 and undoped samplél ggan rates of = 0.02mV/s.
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Figure 6.29. CVs of W1, W2 and undoped samples sg#n rates of = 0.02mV/s.
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6.5. Electrochemical Impedance Spectroscopy (EIS)

In the previous section it was determined that ble¢ter electrochemical properties of
W1Mn1l were resulted from lower polarization resis@ of this sample rather than structural
property and chemical content of this sample. keoito validate this statement, EIS was
applied to all samples. The results of EIS foisalinples are given from Figures 6.31 to 6.35.

180 ]
160 /
140 4 /' 3.805V
120 /
100 /
80 -
Undoped /
60 /
/ 3.908 V
40 _/' —
20 - R e \.\.\4\'241 Vv
ol £ 3.979 V :
,é\ '20 I I I I I I I I I I I I I 1
§ 10 20 30 40 50 60 70 80 90 100 110 120 130 14
£
N~ 70
60
50 1 3.675V
40 -
30 - WiMnl
20
10+ 4.404 V
e o S
O . [ 'v' — -
3.933V
_10 I I I I I 1
10 20 30 40 50 60
Z.. (ohm)

Figure 6.31. Nyquist plots of undoped and W1MnIhvw@CV values near each plot.
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EIS results were fitted to three models that waseussed in detail in Chapter 3 (refer to
Figure 3.14) by using ZsimpWin commercial softwft&5]. These models were surface
layer model (SL), adatom model (AD) and modifiecdt@tn model (mAD). For illustration
purposes, an experimental data as well as thattit are given in Figure 6.36 for Mo1.

70

60 O Measured 0.12Hz®

Fitted

50

Mol 0.19 Hz
OCV =3.694V

N | 7 0.47 kHz

20

10

100

Z.. (ohm)

Figure 6.36. Experimental and fit data of Mo1l. fremgy values are black squares.

The three models were fitted to the EIS resultaifing the same method as illustrated in
Figure 6.36. Thei? (chi-squared distribution) were estimated for §v@CVs in order to
decide for the best fitted model. From Table 618,\talues(2 can be seen for these models.

As it is seen from Table 6.8, the lowest valuesalbsamples and open circuit voltages were
belong to the surface layer (SL) model. Therefbeedtudy will discuss the results of EIS by
taking SL model into account. In this model, acougdto Levi et al. [94] semi-circle
belonging to surface layer impedance is potentiadependent. In this study this
independency can be seen from Figures 6.31 to&hd%.37. Moreover; they claimed that
[94], rough calculations of capacitance of thimfijielded values around $@ which is the
case in this study as evidenced from Table 6.9Faare 6.39. They related charge transfer
to slow Li" ion interfacial transfer between surface film an@oO, particle in the cathode
and they claimed dependency of this resistanceotengial [94]. This is again the case
observed in this study as seen from Figures 6.8513¥p and 6.38.
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The numerical values of resistances for surface &ihd charge transfer for SL model given
in Table 6.9. Surface film capacitances in TabR 8ere estimated by using the formulas
given in Chapter 3 as equations 3.14 and 3.15. Bgtiations were used for all samples and
it was seen that there was only minor differenced s luF in capacitance values. For this
reason, only results of equation 3.15 are giveTainle 6.9.

Table 6.8. The valueg with different models and OCVs.

Sample Model ¥? at various OCVs
ocv,V 3.805 3.908 3.979 4.241
Undoped SL 4,418E-05 4,943E-05 3,464E-05 3,286E-P5
AD 3,943E-04 4,242E-04 4,098E-04 3,759E404
mAD 5,434E-04 4,660E-04 4,098E-04 3,759E104
ocv,V 3.438 3.909 4.055 4.339
crl SL 1,937E-04 1,351E-04 1,180E-04 1,370E-p4
AD 1,049E-03 8,760E-04 8,873E-04 9,357E404
mAD 5,101E-02 6,966E-04 8,873E-04 9,300E104
ocv,V 3.762 3.905 4.064 4.402
Cr2 SL 3,050E-04 1,019E-04 7,263E-05 2,238E-D4
AD 7,284E-04 4,562E-04 3,650E-04 4,383E4{04
mAD 4,339E-04 3,165E-04 3,647E-04 3,758E104
ocv,V 3.694 3.906 4.073 4.365
Mol SL 1,805E-04 7,506E-05 7,051E-05 6,242E-P5
AD 1,263E-03 4,911E-04 2,818E-04 4,038E{04
mAD 1561E-03 - e e
ocv,V 3.707 3.894 4.056 4.408
Mo2 SL 7,172E-05 9,236E-05 7,376E-05 6,456E-P5
AD 2,890E-04 4,301E-04 2,027E-04 2,286E404
mAD 3,421E-03 4,321E-04 2,029E-04 2,295E104
ocv,V 3.716 3.868 4.085
SL 1,596E-05 1,412E-05 - 2,039E-05
Mn1l
AD | - e e e
mAD | e e s 1,413E-03
ocv,V 3.682 3.895 4.046 4.361
Mn2 SL 3,184E-04 9,593E-05 7,324E-05 4,335E-P5
AD 1,416E-03 2,978E-04 1,703E-04 1,893E104
mAD 1,495E-03 2,979E-04 2,038E-04 1,893E104
ocv,V 3.671 3.893 4.015 4.297
Wi SL 1,153E-05 8,603E-05 6,732E-05 4,711E-P5
AD 4,501E-04 4,246E-04 2,495E-04 2,683E404
mAD 4,653E-04 4,246E-04 2,496E-04 2,683E104
ocv,V 3.441 3.560 3.923 4.336
W2 SL 4,086E-04 2,345E-04 2,125E-04 1,750E-p4
AD 2,104E-03 8,243E-04 2,986E-04 2,606E404
mAD 2,715E-03 8,375E-04 2,992E-04 2,068E104
ocv,V 3.657 3933 4.404
WiMn1 SL 2,012E-04 5166E-05 - 4,627E-05
AD 5,360E-04 2,900E-04 - 2,744E-04
mAD 8,698E-04 2,943E-04 - 2,911E-04
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Table 6.9. Surface film resistance and capacitaasegell as charge transfer resistances of
the samples for all OCVs.

Values for surface film resistancesgR

Sample Resistances (ohm) - OCV Values (V)
Undoped 33.12 - 3.805 32.63 - 3.908 31.19 - 3.979 0.493- 4.241
Crl 20.62 - 3.438 23.48 — 3.909 23.17 — 4.055 24 8339
Cr2 17.20 - 3.762 17.46 — 3.905 16.95 — 4.064 17868102
Mol 57.43 - 3.694 43.42 — 3.906 39.63 - 4.073 38.8B65
Mo2 65.84 — 3.707 34.24 - 3.894 29.41 - 4.056 26.2408
Mn1l 170.40 — 3.716 1458-3868 - 129.80 -88.0
Mn2 44.13 - 3.682 28.29 — 3.895 23.21 - 4.046 22.61861
w1 70.98 - 3.671 56.99 — 3.893 47.45 - 4.015 444297
W2 41.37 - 3.441 47.15 - 3.560 39.12 - 3.923 3448836
WiMnl 16.03 - 3.675 11.48-3933 - 10.35-04.4

Values for surface film capacitancesgC
Sample CapacitancesuF) - OCV Values (V)
Undoped 3.05-3.805 3.11 -3.908 3.10 - 3.979 4340241
Crl 3.43-3.438 3.50 — 3.909 3.55-4.055 3.5839%
Cr2 3.45-3.762 3.43 -3.905 3.42 - 4.064 3.51462
Mol 4.19-3.694 4.10 — 3.906 4.09 - 4.073 4.1865
Mo2 2.87 - 3.707 3.83-3.894 3.89 — 4.056 3.851081
Mn1l 4.32-3.716 428-3868 @ - 4.19 - 4.085
Mn2 4.31-3.682 4.01 -3.895 3.90 — 4.046 3.8864
w1 3.98 - 3.671 3.89 - 3.893 3.87 —4.015 3.8194.
W2 457 - 3.441 4.48 — 3.560 4.42 —3.923 4.33361.
WiMnl 3.90 - 3.675 3.72-3933 - 3.68 —4.404

Values for charge transfer resistanceg) (R
Sample Resistances (ohm) - OCV Values (V)
Undoped 715 -3.805 93.20 — 3.908 54.28 — 3.979 50694.241
Crl 6468 — 3.438 75.71 —3.909 34.26 — 4.055 44 8339
Cr2 4437 — 3.762 75.40 — 3.905 29.26 — 4.064 60.42102
Mol 3867 — 3.694 15.21 - 3.906 9.94 - 4.073 11.5(B65
Mo2 570 - 3.707 12.95-3.894 5.835 — 4.056 0.602408
Mnl 1846 — 3.716 79.89-3.868 @ - 52.49 — 4.085
Mn2 2.86x16—3.682  10.85 - 3.895 5.5-4.046 5.24 — 4.361
w1 248.7 - 3.671 12.74 — 3.893 8.247 — 4.015 842297
W2 1.79x16" — 3.441 43.72 - 3.560 11.97 - 3.923 10.28 — 4.336
WiMnl 541 — 3.675 8.671-3.933 - 13.55 — 4.404
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Table 6.9 reveals numerically that surface filmstsce of W1Mn1 has the lowest value for
fully discharged condition (OCV of 3.675 V). Thisag be an indication that the
electrochemical superiority of this sample may ioate from modification of surface which
makes the sample having higher ionic conduction.

Electrolyte resistance (R is included in Surface Layer model, but the valu# this
parameter are not shown as they do not changdisaily with the samples. It was seen
that the values of Rwere between is 12.34+4.63 ohm. This is an exgeasult as same
electrolyte solution is used in all cells.

Resistances of surface film and charge transfevedisas capacitance of surface film versus
OCV plots can be seen from Figures 6.37 to 6.3%NMAgure 6.37 is examined, it is seen
that all impedance values are decreased with OQyéesaxcept that of Crl and W2. Minor
increase in resistances is seen for these sanfpesV1Mnl, the B change with OCV
values are very small (from 16.03 ohm to 10.35 oimaicating that the surface film formed
during synthesis is stable upon lithium deinteriiaiha Besides this, W and/or Mn ions make
the surface film more conductive. Same situatiom lsa claimed for Cr2. The resistance of
this sample does not change with Li deintercalatiich reveals that surface film is stable
during cycling processes.

Similar plots are drawn for charge transfer resista (Figure 6.38, extreme values of W2,
Mn2 and Mo2 are excluded in the plot). With OCV Mead, significant change of.Rs
observed. This is expected since Levi et al. [¥dijhwed the dependency of this resistance to
potential. The similarity of plots of Rand R; versus OCV is explained by Zhao et al. [116].
They claimed that formation of channels for Li-isansfer was completed during the first
charge-discharge cycle. Although the results ofazéial. [116] and this study show some
consistencies, the decrease gfvidth OCV values is much steeper in this study. rédwer;
Nobili et al. [105] claimed that if Rdid not change with OCV values, then rate-deteimgin
step of electrode reactions did not involve cladsibarge transfer instead this step could be
ascribed to Li+ ion desolvation step. They [109irtled that the overall mechanism was
analogous to adatom model (AD model) in this cAsethe experiments in this study did not
fit well to this model, it may be assumed that phaecrease of Rwith OCV values is due
to the charge-transfer of electrons being the datermining step. Zhuang et al. [97] claim
that with symmetry factor of 0.5,./hows a rapid increase when x<0.5 (x is the iiwgert
level of Li to host material) and rapid decreasemk>0.5. As relatively rapid increases are
seen for all samples, it is believed at the lov@&V, the insertion level of Li is lower than
0.5.

Figures 6.37, 6.38 and 6.39 display the change of R and G; with OCV values,
respectively.
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Figure 6.37 Surface film resistances of doped sasnpbmpared with undoped sample, a)
Crl, Mol, Mnl1, W1, b) Cr2, Mo2, Mn2, W2, c) W1Mn1.
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Surface film capacitances do not change signifigamtith OCV values, however a
significant increase in capacitance values withlibginning of Li-deintercalation are seen
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with Mo2 which remains constant for further de-imtdation. Undoped, Cr and Mo doped
samples show some minor deviations from steadyedser of capacitances with OCV
values.

From capacitance versus OCV plots, it is seen@nadoped samples and undoped sample
have the smallest capacitance values. The reasdhiddbehaviour may be attributed to two
different parameters of these samples. It is knthve capacitance is directly proportional
with surface area of samples and inversely promaatiwith the thickness of surface film (as
surface film is under investigation) according ¢m&tion 6.1.

C =s$ (6.1)

where;
€is permittivity of surface film, A is surface ared samples and, | is thickness of the
surface film.

Therefore; two parameters responsible for loweracapnces of Cr doped and undoped
samples may be higher particle size (low surfaea)aor high surface film thickness as also
stated by Zhuang et al. [97].

Undoped and W1Mn1l were aged at discharged stati tight cells for about 1 month. EIS
data was again taken from these samples and gdidtest (EIS data taken just after cell
preparation) and aged samples were seen from Figdi@ It is seen that surface film
formed on W1Mnl is very stable and do not grow. Sheace film resistance value )R
remains nearly constant for about 1 month. Howefegrundoped, an increase in resistance
value for solid-electrolyte interface is observexvaaling that the film is growing with
passage of time. Zhuang et al. [97] gives the féarofithe rate of change of the thickness of
surface film as in equation 6.2.

=R (6.2)

where;
k is proportionality constant and t is time.

Zhuang et. al [97] claims that increasing thicknafssurface film is causing the consumption
of Li irreversibly. Therefore, the total Li lossritug cycling is due to the increase of surface
film thickness. From Figure 6.40, it is seen thaface film on W1Mnl does not grow or
rate of increase of thickness of surface film ispMew. This stable surface film prevents the
irreversible Li loss hence the material becomeslsta

Interestingly charge transfer resistancg)(8&ops in W1Mn1 after aging.
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CHAPTER 7

DISCUSSION OF THE RESULTS

Throughout this study, 10 samples were produced stnactural, microstructural and
electrochemical characterization techniques wemiexp to these samples. WiMnl yields
the best results when requirement for high eneaglyatle material is taken into account.

In order to explain the reason for electrochemisaperiority of WiMnl, firstly, the
structural parameters are revised. Rietveld anslgbthe samples showed that solid solution
of LiCo;xyMN,O, could be produced. Therefore, Rietveld analysesewepeated by
introducing only layered LiCofto the MAUD Programme [98] and XRD patterns were
fitted by refining site occupations (Li and Co sjteand oxygen positions. Many studies in
the literature explain the electrochemical perfaro@increase by referring it to the increase
in lattice parameter. Increase of lattice parameteresults in wider gap for Li diffusion so
that Li ions can more easily intercalate or derd&ate throughout the matrix. However; this
approach excludes the change of position of oxyams with doping. Without taking
oxygen position (z) into account it is not possitdeclaim faster diffusion only by looking
for lattice parametet. For this argument, a new term called Li-gap (ciegi in Figure 7.1)

is introduced and it is calculated by below equatio

Li—gap:[g—(zxz)}xc (7.2)

OC—CV L
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¢ ¢
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Figure 7.1. Schematic illustration of Li-gap in ldG, structure.
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Table 7.1 is extended version of Table 6.1 in whattice parameter, oxygen position, Li-
gap, diffusion coefficient during intercalation afemulas estimated by the results of ICP
analysis can be seen. Although GSAS software [W33 also used for this purpose, more
meaningful results were achieved with MAUD prograeni®8].

Table 7.1. Results of ICP and Rietveld analysek metining site occupation and oxygen
position (z). Q. stands for diffusion coefficient of Li during imtalation.

sample | ¢ (A) 7 Li-gap (A) (szzi)n; 16° Formulasing,deddegntolCll)D Result (Co

Undoped| 14.063 0.2415 2.5840 0.5 1d:Co

W1Mnl | 14.071 0.2451 2.4825 0.4 0b$COMMg 01\ Wo 0002
w1 14.070 0.2418 2.5763 0.3 1loh4C0Wp 0008
W2 14.074 0.2413 2.5903 0.7 1lebdCOWb 0183
Mn1l 14.070 0.2418 2.5759 0.7 1lkdCOMny o1
Mn2 14.074 0.2422 2.5664 0.1 1leb<COMNg 0198
crl 14.059  0.2421 2.5666 0.7 16iLCOCh 0oss
Cr2 14.058  0.2401 2.6209 0.6 16COCI 017
Mol 14.067 0.2420 2.5688 0.2 1l6£C0M0y o1
Mo2 14.070 0.2419 2.5736 0.3 1bbdCOMoy o2

Increase in lattice parameteris due to the differences in ionic radii. Shanrj@d7]
estimated the ionic radii for the elements withfedi#ént oxidation states. The radii of the
elements used in this study are given in Tablewit® spin state, coordination humber and
oxidation states. Only the ionic radii with cooralilon number of 6 are given in Table 7.2.

Cobalt in layered HT-LiCo®is at low spin state with oxidation state of 3heTonic radius
of this ion is 0.545 A. The ionic radii of Cr, Mm@ Mn with oxidation state of 3+ are 0.615
A, 0.690 A and 0.580 A, respectively. W does natehaxidation state of 3+. lonic radius of
W with oxidation state 4+ is 0.660 A. The increastattice parameter for Mo, Mn, W and
W1Mn1 can be explained by higher ionic radii ofs@elements than €olt is strange that
although C¥ has higher ionic radius than €olattice parameters of Crl and Cr2 are
smaller than undoped. The most relevant explamdtiothis abnormal result is that Cr ions
occupy some of Li sites. Pan et al. [67] found sdimgerprints of Cr ions in Li-site by Li-
MAS NMR study. As ionic radius of Lis much higher than that of €rshrinkage in lattice
parameterc can be seen. This hypothesis can be corroboratdleblower first discharge
capacity of Crl (97.2 mAh/g) than undoped (104.8high Cr2 still has lower lattice
parameterc than undoped and the capacity of this sampleilislsiver than undoped.
Therefore it can be claimed that Li sites are payticupied by Cr atoms. Moreover, for Cr2,
a formation of surface film with lower resistivigan be questioned by looking at higher
rates of charge and discharge as well as capaeigntion values (cycling property) in
Tables 6.3 as well as Figures 6.9 and 6.13.
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Table 7.2. lonic radii of elements used in thiggt[117].

Element | Coordination Numbe Spin State Oxidation State | lonic RadiusA)
Li L 1+ 0.760
Low Spin 2+ 0.650
Co 6 Low Spin 3+ 0.545
High Spin 4+ 0.530
----- 2+ 0.730
----- 3+ 0.615
Cr 6 | - 4+ 0.550
----- 5+ 0.490
----- 6+ 0.440
----- 3+ 0.690
i s | 4+ 0.650
----- 5+ 0.610
----- 6+ 0.590
Low Spin 2+ 0.670
High Spin 2+ 0.830
Low Spin 3+ 0.580
Mn 6 . .
High Spin 3+ 0.645
----- 4+ 0.530
------ 7+ 0.460
----- 4+ 0.660
w 6 | - 5+ 0.620
----- 6+ 0.600

When ICP results are discussed, it is seen thaty esample except W1Mnl has higher
lithium content than the stoichiometric amount.sTisi an expected result as Li:Co ratio was
chosen as 1.05:1 at the beginning of the expersndriie smallest Li:Co ratio belong to
undoped with a value of 1.015. For all other dopéements, Li:Co ratios are higher for
doping with 2 mole% than doping with 1 mole%. Thlisalso expected as Li:Co:M ratio is
chosen as 1.05:0.99:0.01 for 1 mole% doping an&:0.98:0.02 for 2 mole% doping.
Inherently, theoretical Li:Co ratio for doping withmole% is 1.061 while this ratio is 1.071
for doping with 2 mole%. As content of phases ottltean HT-LiCoQ (most probably
Li,CO; or LT-LiICoO,) was very low in the samples, overstoichiometryt bfs preserved.
With this ratio in order to have charge neutral®g’* ions should reduce to €adons. As
Co®* ions act as charge compensators [73], this assomjg valid. It is certain that
occurrence of Cd ions at the surface retards formation of ‘Gons during charge-discharge
tests. One mechanism for decreasing of the cyfgeidi dissolution of C8 ions into the
electrolyte due to the deintercalation of Li ionsonfi host matrix LiCoQ@ During
deintercalation, LiCo@transforms into LICoO, (x<1) and Cd' oxidizes to C&'". Therefore
the dissolution of C8 ions will be delayed and the cycle life can be riowed for doped
samples. This hypothesis is validated by the cheegmtion values in Table 6.3.
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As it is seen that [003]/[104] ratio is lower thar? for all samples and there occurs some
minor peaks in CV for all doped samples, perfeatedng of elements in the structure
cannot be claimed.

Above discussion is valid for all samples exceptMdl. For WiMnl, first of all, the
findings of low diffusion coefficient of W1Mn1 fror€V results are proved by the lowest
value of Li-gap for W1Mnl. So it is certain thatetrochemical superiority of W1Mn1 does
not solely arise from lattice parameters increamktagher number of Gbdions. It is known
that the increase of electrochemical property of gample is due to its low surface film
resistivity (section 6.5) and lower polarizatiorsistance (section 6.4). It is believed that
lower particle size of this sample (section 6.2)ym@t be regarded for explaining
electrochemical performance as diffusion coeffitisnnot pointing out such a deduction.
From ICP results, it is seen that only W1Mnl hagbiratio lower than 1. Therefore in
order to see if oxidation state of Co in W1Mnl i§etdlent than that of other samples, X-ray
photoelectron spectroscopy spectra (XPS) for CLiOCo, Mn and W were collected for
W1, Mn1, undoped and W1Mnl. XPS spectra of O, Cno,avd W can be seen in Figure
7.2.

From Figure 7.2, it is seen that especially for 8l W1Mn1, there is one more peak for C
and O spectra indicating that there is an impupihase, most probably iG0; in this
sample. This argument is supported by Madhavi ef1d4] and Moses et al. [118] who
claimed that extra O peak at 531.2 eV belonged 6@;. Same situation exists for C peak.
There occurs extra peak at 289.5 eV which matdiatsaf C peak for LICO; according to
XPS database of National Institute of StandardsTeeahnology (NIST) [119] and Khassin
et al. [120].

For Li spectra; the peak at 59.8 eV coincides whidgt of Co 3p and the peak at 53.7 eV
belongs to that of Lils for LiCo{118].

For Co spectra, it seems that,;2@nd 2p, peaks are shifted towards higher binding
energies and satellite peak is observed at bindimgrgies of ~789 eV for all samples.
However; the intensity of satellite peaks for W1Mislhighest and that of undoped is
smallest. Moreover, the shift is largest for W1Marid lowest for undoped. Peak shift and
satellite peaks are an indication of occurrencemd having oxidation state of 2+ according
to Moses et al. [118], Prabakar et al. [121] and &&al. [122].

For Mn and W spectra, NIST is referred [119]. FotMnh1, the peaks of Mn appeared at
641.8 eV (Mn2p,) and 651.6 eV (Mn2p) and that of W appeared at 34.8 eV and 36.9 eV
for W4f,, and WA4§),, respectively. For Mn1, peaks of Mn2pand Mn2p,, were at 642.5
eV and 654.1 eV, respectively. For W1, peaks of Wahd W4§,, appeared at 34.9 eV and
37.1eV.

According to [119], Mn peaks for Mn1 were in theiwity of that of MnQ therefore some
atoms of Mn have state of 4+. However; as ionidusidf Mr*" is smaller than C8, than
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expansion in lattice parametecannot be expected if all Mn atoms are in 4+ stagawa et
al. [123] indicated that lower binding energies aasymmetric spectra are legends of
occurrence of M#. For Mn1, same arguments are valid. Mn peaks faWL were best
fitted with Mn compounds having Mn at the oxidatstate of 2+. As a consequence, it can
be claimed that Mn oxidation state in Mn1 is lartfem that of W1Mn1.
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Figure 7.2. XPS spectra of undoped, Mn1, W1 and WILM
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W peaks for W1 and W1Mn1l do no show significanfadénces and these peaks do not
show any shoulder indicating that all W atoms warthe same oxidation state [121, 124].
Moreover; the peak values are in the vicinity ofséate according to [119].

From XPS spectra, it is seen that the content 6f @OW1Mn1 is not so different than that
of other samples. Low ratio of [003]/[104] of W1Mmndveals that ordering in this sample is
worse than other samples. Li sites are occupiesbbye of W or Mn ions which can be seen
from lower lattice parametec of WiMnl when compared with Mn2 and W2. The
differences in first discharge capacities of W1MmH other samples are so low that they are
caused by experimental variations both during ssithand ICP analysis. Therefore it is
proposed that surface property of W1Mn1 is differdran that of other doped samples. In
order to see if there occurs surface modificatibw@Mn1l in the presence of Mn and/or W,
XPS at different depths was applied to this sanfple determining if there are any
differences for Mn and W content at the surface iantthe bulk of the sample. The results
can be seen in Figure 7.3. The sample was sputteithdAr at energy of 3000 eV for 5
minutes. This process is repeated two times. Frogur& 7.3, it is seen that surface
chemistry is different as it is clearly seen thatt@nhtent at the surface is much higher than
the content in the bulk. The bulk content of W does change with depth so it is clear that
W accumulates on the surface for WiMnl. Moreoversiows different spectra at the
surface which belong to €0 impurity as stated earlier [114, 118].

With all these results and discussions, it is dedubat better electrochemical performance
of W1Mn1 is more related with surface rather thatkloliffusion or structural parameters.

In order to see the case in W only doped samplathan XPS was applied to W1. Exactly
the same XPS procedure was applied as in WiMnlrdhets are given in Figure 7.4.

From Figures 7.3 and 7.4, it is seen that W andeQdsstributed similarly for WiMnl and
WL1. Both samples have similar W related surfacenistey and spectra for W and O are
shifted for both samples at the surface. Besidadlisa structures, as stated before, shift in
XPS is another indication of different oxidatioratsts. More specifically, according to
Andersson [104], shift of binding energies is daechanges in chemical environment and
oxidation state of a certain atom. It is believidttthis situation is occurring in W1 and
W1Mnl so that shifts of O and W peaks are observed.

In spite of similarities in XPS spectra of W1Mnldaw/1 they show significantly different
electrochemical performance. Therefore, the elebgmical superiority of W1Mn1l over W1
can be attributed to the role of Mn which distrégaiuniformly throughout the bulk.

Next few paragraphs are reserved for explainingsthectural and electrochemical behaviour
of W1Mn1 in this study.
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Figure 7.3. XPS spectra of W1Mn1, before sputtartfe surface), after first sputter and
after second sputter (deeper depth than firsteputt

First of all, it is seen from [003]/[104] ratio thine ordering of W1Mn1 is lowest among all
samples. Disordering of W1Mn1l is also seen fronhhigltage peaks obtained during CV.
Increase of lattice parameterwith respect to undoped sample shows that W andain
incorporated into the structure of W1Mn1l. Howesenne of these elements occupy Li-sites
which can be seen from relatively low first disd®rcapacity. Also this sample contains
minor amount of LICO; as an impurity phase. These are responsible werl@ordering of
this sample. Moreover; Li-gap is the smallest wHiedds to low diffusion coefficient. The
data of Li-gap and diffusion coefficients yield ststent values.

Reversibility is satisfactorily high for this sarmplvhich can be proved from peak potential
differences between anodic and cathodic scag$. (The value of 0.069 V for this parameter
is near to 0.059 V which is the value for full resibility. Reversibility of this sample can
also be determined from charge-discharge tests.

High rate capability of this sample is comparatveigh that it retains about 84% of initial
capacity after 85 cycles with 1 C charge rate.
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Reversibility and high rate capability of this sdenare not due to increase of diffusion
coefficients. This is evidenced by lowest valuelLofgap and lowest value of diffusion
coefficient. Moreover, increase of electrochempadformance does not depend to structural
parameters which are lattice parameteand ordering as depicted by [003]/[104] ratio.
Beyond these parameters, electrochemical supgrisridue to the surface character which
has low resistance. This character cannot onhtthibited to the presence of W rich layer at
the surface unless Mn is present. This surfaceactewr modifies solid-electrolyte interface,
makes it more conductive and stable. Moreover ptlitisn of Cd* which is responsible for
degradation of the cathode material during cydéngrevented as a result of this behaviour.

2500

2000 +

c/s (x10%

—— Before Sputtering
— After 1st Sputtering
After 2nd Sputtering

520 530 540
Binding Energy (eV)

Figure 7.4. WA4f and O1s peaks of W1.
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Table 7.3 is a summary of data obtained for W1Mnlthis study by comparing with
undoped.

Table 7.3. The data obtained after structuraleladtrochemical characterization of
W1Mn1 and undoped.

Parameter Data of WiMn1l Data of Undoped
[003]/[104] ratio 0.910, smallest of all 1005
samples
Lattice parameter c, (A) 14.071 14.063
cla 4.991 4,990
Li gap, (A) 2.4825 2.5840
Particle size, nm ~ 200 ~ 1000
First Discharge Capacity charged
at 0.3C, mAhlg 105.5 104.8
First Discharge Capacity charged
at 1C, mAh/g 99.2 95.7
Capacity retention after 82 cycles 87.8, largest of all 76.5
charged at 0.3C, % samples '
Capacity retention after 82 cycles 83.9, largest of all 59.2
charged at 1C, % samples '
AE between anodic and cathodic 0.069, smallest of all 0.230
peak potentials during CV (V) samples '
Deintercalation Diffusion 09 2.7, largest of all

Coefficient (cm?/s) x 10°

samples

Slope of E vs. v*? (during
deintercalation)

0.332, smallest of all
samples

1.786

High peak voltages during CV
indicating inhomogeneous
distribution of doped elements

at 4.14 and 4.21V during
anodic at 4.06 and 4.14
V during cathodic scans

No high voltage peaks

Low peak voltage during CV

at 3.79 V during anodic

No low voltage peak

indicating presence of Li,CO3 scan
Surface film resistance at 16.03, smallest of all
. 33.12
discharged state, ohm samples
Surface film resistance at charged 10.35, smallest of all
30.49
state, ohm samples
Capacitance at Lfiléscharged state, 3.90 3.05
Capacitance at charged state, yF 3.68 3.04, smallest of all
samples
Charge transfer resistance at
discharged state, ohm 541 715
Charge transfer resistance at 69.5, largest of all
13.55
charged state, ohm samples
Aged surface film resistance with
Unchanged Increased
respect to fresh sample
Aged charge transfer resistance Decreased Increased

with respect to fresh sample
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CHAPTER 8

CONCLUSION

In this study, it is aimed to produce a cathodeemat with higher energy content. Two
different production methods which both incorporaéeze drying and calcination processes
are applied. The acetate-nitrate method did ndd watisfactory result as the close control of
calcination process is difficult. With hydroxide thed, layered and single phase LiG@@n

be produced.

During solution preparation and Co(QHyynthesizing, it is observed that close control of
pH value is needed. It must be hold at a valuéénvicinity of 10.75. Increase of pH beyond
this value causes another Co-containing phase (pmobably CgO,) to precipitate. This is
undesired as decomposition40g requires elevated temperatures angCC; is formed with
free Li which otherwise form LiCo©by reacting and exchanging ion with Co(QH)
Formation of L3CO; and CgO, lead to conventional synthesis of LiCo@hich higher
temperatures must be reached for production oflsipgase LiCo@ This is contradicting
with the aim of applying freeze drying.

After extensive experiments, it is seen that Li:&io is an important parameter for
achieving single phase HT-LiC@QIncreasing of this ratio gives rise to impuritigses
such as LICO; and M containing phases. Moreover; excess Li og€lpsites which results
in low ordering of the samples evidenced from [Q[ABK] ratio. Freeze drying of 24 hours
is enough for effective drying of the samples. @ations at temperatures of about 700-
750°C for 12-24 hours are needed for producing redieand single phase undoped and
doped HT-LiCoQ. Applying pre-calcination at 350°C for 2 hourlgi more ordered
structures.

Doped element containing phases as well g8@j and CgO, are formed when the doping
content is beyond 2 mole%. Nearly all doped el@émehow better high rate capability and
cycleability than undoped sample. Undoped sammdtmalargest particle size.

Cycleability, polarization behaviour and rate cafiigbof W1Mn1l is the best among other
samples. The reason for this lies in the fact thaface of W1Mnl becomes ionically
conductive. It is seen that W1Mn1 can be used itebhas where high charge-discharge rates
are needed. Moreover; as other electrochemicaleptiep of this sample is very good, it can
be a good candidate for replacing commercial Lich&sed cathode materials.

The increase of electrochemical performance of WINMs not related with diffusion
coefficient.
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Although individual doping of W and Mn generally el{ds good electrochemical
performance, simultaneous doping of these sampgigdgts in significant increase in high
rate capability and cycleability.

Many studies in literature take the increase ditatparametec into account for explaining
better electrochemical performance of doped HT-Kd&dHowever; with this study, it is
shown that this explanation is lacking as it doet negard the position of oxygen in the
lattice. A new term Li-gap is introduced in thisidy which is estimated by a formula
having both lattice parameter and oxygen position z. Electrochemical performaitce
related with this term. It is seen that althougbréase of lattice parameteris seen for
almost all samples, electrochemical behaviour it dicectly related with this increase.
Moreover; Li-gap may not solely responsible forlexgtion of electrochemical behaviour.

Increase of ordering results in increase of elebemical behaviour. During this study
numerical values for ordering are estimated andetts®ems no difference between the
ordering of the samples as all have [003]/[104iosin the vicinity of 1. However; it is
generally observed that with doping, ordering dases since they inhomogeneously
distributed throughout the structure lowering thedeping of the structures. This is
especially valid for W1Mn1 which is the best sammieong the other samples in this study.
Eventually it can be claimed that ordering changthis study does not mainly responsible
for electrochemical performances.

To conclude it is seen that surface chemistries ey important for producing
electrochemically superior cathode materials.
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