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1. Introduction 

Lithium ion batteries were first commercialised in the early 1990’s by Sony [1]. 
Since then lithium ion batteries have become the primary energy source for 
portable electronics due to their high energy density, light weight, long cycle life 
and low self-discharge rates [2]. Recently, concerns about climate change and 
dependence on fossil fuels have accelerated the development of electric vehicles 
(EV) and hybrid electris vehicles (HEV) and increased the demand for renewa-
ble energy sources. Furthermore, large scale energy storage options are needed 
to even out the supply and demand of electricity produced from renewables and 
to ensure the reliability of the grid. These three main applications for lithium 
ion batteries (portable electronics, transport and stationary storage) set very dif-
ferent requirements for the energy storage system. For example, high power ca-
pability is essential in EV and HEV applications as well as enhanced safety. High 
energy density on the other hand is important in both portable applications and 
EVs/HEVs, whereas it is not necessarily a priority in all stationary storage ap-
plications.  

The properties and performance of the lithium ion battery are largely dictated 
by the choice of electrode materials, and thus the optimal electrode combination 
also depends on the intended application.  For example, energy density (Wh l-1) 
or specific energy (Wh kg-1) are determined by the potential (V) and capacity (A 
h kg-1) of the cell, and those in turn depend on the properties of the electrode 
materials. Ragone plot comparing specific energy and specific power (W kg-1) of 
different types of energy storage and conversion technologies is presented in 
Figure 1, and typical battery characteristics of some commercial rechargeable 
battery types are presented in Table 1. The energy and power density (or specific 
energy/power) of lithium ion batteries are generally higher than those of other 
rechargeable batteries such as lead acid, nickel-cadmium (NiCd) or nickel metal 
hydride (Ni-MH) batteries [3]. Also self-discharge rates of lithium ion batteries 
are significantly lower than those of Ni-MH batteries (2% vs. 15-25%/month) 
[2]. Cycle life of a lithium ion battery depends on the chemistry of the system. It 
is usually defined as full charge and discharge cycles while retaining more than 
80% of the original capacity [4]. Typically ≥1000 cycles are achieved with lith-
ium ion batteries, and with some configurations more than 10000 cycles have 
been reported [5].  
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Figure 1. Ragone plot comparing energy and power densities of some energy storage and con-
version technologies. Adapted from [3], reproduced with permission from Elsevier. 

Table 1. Characteristics of selected rechargeable batteries. Data from [1,2,5,6] 

 Lead-acid Ni-MH Li-ion (graphite-
LiCoO2) 

Li-ion (LTO-LFP) 

Nominal voltage, V 2.0 1.2 4.0 1.9 
Specific energy, Wh kg-1 35 75 150-250 50-70 
Energy density, Wh l-1 70 240 400-570  
Cycle life 200-700 300-600 1000 >10000 
Self discharge, %/month 4-30 15-25 2  

 
Lithium cobalt oxide (LiCoO2, LCO) and graphite were the choices for positive 

and negative electrode materials in the first commercial lithium ion batteries 
[1]. Since then a broad range of new materials for electrodes have been under 
development. Layered oxides (LiCoO2, LiNi1/3Mn1/3Co1/3O2 (NMC), 
LiNi0.8Co0.15Al0.05O2 (NCA)), lithium iron phosphate (LiFePO4, LFP) and spinel 
LiMn2O4 (LMO) are probably the most investigated materials for positive elec-
trodes and all found in commercial lithium ion batteries [7,8]. For negative elec-
trode materials graphite is still most widely used, but also lithium titanate 
(Li4Ti5O12, LTO) based batteries have been commercially available for some 
years now, and batteries using silicon incorporated into carbon based negative 
electrodes have recently come on the market too. Although graphite has been 
successfully used in the negative electrodes of lithium ion batteries for more 
than 20 years already, it has some disadvantages related to the low lithium in-
sertion potential: lithium plating on the surface of graphite may occur during 
high current charging and at low temperatures which has a detrimental effect 
on the performance and safety of the battery [9,10]. Thus safer material options 
are needed for graphite, and LTO is a promising candidate especially for appli-
cations requiring high power densities or wide temperature range. Although a 
few commercial lithium ion batteries already utilize LTO as a negative electrode 
material, all the properties of LTO are not yet fully understood. In this thesis the 
performance of LTO is optimized by altering both the particle and electrode 
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morphology. In the second part of the thesis electrode manufacturing using en-
vironmentally friendly water soluble binder is studied for LTO and graphite. 
Furthermore, the most important electrode materials for both positive and neg-
ative electrodes are reviewed in Chapter 2 as well as other components of the 
lithium ion cell.  

LTO is a negative electrode material with the very unique characteristics of 
almost zero volume change during charging/discharging and very flat charg-
ing/discharging voltage profiles [11,12]. In the first part of this thesis, the per-
formance and electrochemistry of LTO is discussed. By comparing two similar 
LTO materials with different particle morphology, the effect of properties such 
as particle size and surface area on the electrochemical performance is evaluated 
in Publication I. It is shown that the morphology of LTO particles greatly affects 
the charging/discharging behaviour as reduced particle size and large second-
ary particle structures have a favourable effect on the performance. In addition 
to the enhanced capacity, also different surface potentials and excess Li storage 
are observed for smaller LTO particles. The results in Publication I show that 
the properties of LTO can be tailored by modifying the morphology of the LTO 
particles by simple end treatment in the synthesis procedure. 

Moreover, the effect of carbon in LTO electrodes is studied in Publication II. 
Although carbon additives are generally used for the electrode manufacturing 
of lithium ion batteries, carbon free LTO electrodes have gained attention re-
cently as very promising results with completely carbon free LTO electrodes 
have been published [13,14]. In publication II it is shown that carbon additives 
have some effect on the performance of LTO electrodes at more demanding con-
ditions (high C-rates and low temperatures) even though the performance of the 
carbon free and carbon containing LTO electrodes at low C-rates and room tem-
perature is indeed similar. The magnitude of the effect caused by carbon addi-
tives depends on the LTO particle morphology and is also shown in cycle life 
behaviour. The use of carbon additives is an important aspect for the industrial 
manufacturing of LTO electrodes as preparation of electrode slurries containing 
carbon black has its own challenges.  

In the last part of the thesis, electrode manufacturing and the use of a water 
soluble binder is discussed. Traditionally lithium ion batteries are manufac-
tured using polyvinyledene fluoride (PVDF) as a binder and N-methylpyrroli-
done (NMP) as a solvent [2]. Also a carboxymethyl cellulose (CMC) and 
styrenebutadiene rubber (SBR) combination in aqueous media is commonly 
used for manufacturing of graphite electrodes. As PVDF is rather expensive and 
NMP environmentally unfriendly, and CMC+SBR combination prone to bacte-
ria growth, other aqueous electrode fabrication methods have been widely stud-
ied. Therefore, water soluble acrylate binder Acryl S020 is studied and the con-
cept is applied for preparation of LTO (Publication IV) and graphite (Publica-
tion III) electrodes. LTO and graphite as electrode materials possess different 
challenges as graphite has considerable volume change during intercalation of 
lithium and formation of solid electrolyte interface (SEI) layer whereas LTO has 
negligible volume change and no considerable SEI formation, but tends to ab-
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sorb significant amounts of humidity which is known to be detrimental for lith-
ium ion batteries using LiPF6 as an electrolyte salt. In Publication IV it is shown 
that the water absorption and desorption process is reversible and excess water 
can be removed by careful drying. Similar performance of LTO electrodes with 
Acryl S020 and PVDF were obtained and also promising results with pilot scale 
gravure printing and slot die coating methods were achieved as very stable ca-
pacities of more than 500 cycles were obtained. In addition to this, also graphite 
electrodes manufactured using Acryl S020 showed similar or better perfor-
mance than those using CMC+SBR as a binder combination in Publication III.  
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2. Materials for lithium ion batteries 

Lithium ion batteries are rechargeable batteries in which lithium ions move be-
tween positive and negative electrodes through the electrolyte and electrons 
flow through the external circuit. The structure of a lithium ion battery is pre-
sented in Figure 1 and shows the most important cell components: positive and 
negative electrodes and electrolyte. When the battery is charged, lithium ions 
and electrons move from the positive electrode that is oxidized to the negative 
electrode that is reduced, and during discharge vice versa [2]. In lithium ion 
batteries, numerous different (electrode) materials are utilized in contrast to 
other battery technologies, however they are all based on lithium ion transport 
and storage between the negative and positive electrodes. The performance, cost 
and safety of the lithium ion battery depends strongly on the selected battery 
chemistry and design.  

 

Figure 2.  Structure of a lithium ion cell using graphite negative electrode and layered metal oxide 
positive electrode. 

In this chapter the most important electrode materials are reviewed. In gen-
eral, active electrode materials for lithium ion batteries are structures that can 
host lithium ions repeatedly. Based on the reaction mechanism, electrode ma-
terials can be categorized into three types: insertion, alloying and conversion 
type of materials [15]. Insertion compounds such as LiCoO2 and graphite are the 
conventional materials for lithium ion batteries where lithium ions are inserted 
into unoccupied interstitial sites of the host lattice. This induces shrinking and 
expansion of the host lattice as lithium ions are inserted/removed. However due 
to relatively small changes and stability of the host lattice, stable capacities are 
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usually obtained over a relatively long time, however the capacity is limited by 
the number of available insertion sites [16]. Alloying materials include several 
options such as Si and Sn that react electrochemically with lithium forming Li-
X-alloys (where X is for example Si, Sn). This involves breaking of the bonds 
between the host atoms and formation of a new LiX phase [17]. Conversion re-
actions on the other hand involve electrochemical reaction of a transition metal 
compound MX with lithium ions yielding metallic nanoparticles in a LiX matrix 
[18]. Alloying and conversion reactions both have the advantage of much higher 
capacity when compared to intercalation compounds. However, insertion/dein-
sertion of lithium into/from the alloying and conversion types of materials in-
volves breaking of the bonds of the host lattice and severe volume change of the 
material. This causes significant problems in mechanical stability leading to 
poor cycle life. Here the focus is on the most extensively researched electrode 
materials that are at a commercial stage already. These are mostly insertion 
compounds, as alloying and conversion type of electrode materials are still far 
from commercialization (maybe with the exception of Si based negative elec-
trodes). 

2.1 Positive electrode materials 

Several potential materials exist for the positive electrodes of lithium ion bat-
teries of which transition metal oxides and polyanion compounds are possibly 
the most intensively researched. Layered transition metal oxide LiCoO2 (LCO) 
was the first to be commercialized and is still used in many commercial lithium 
ion batteries especially in portable electronics [7,19]. LCO consists of alternating 
layers of CoO2 and Li (Figure 2A) where both Co and Li are octahedrally coordi-
nated [20]. This layered structure enables facile lithium diffusion pathways and 
thus results in high electronic and ionic conductivity [8]. Other advantages of 
LCO include high insertion/extraction voltage (average 3.8 V vs. Li/Li+), good 
cyclability, and low self-discharge rates. The theoretical capacity of LCO is as 
high as 274 mAh g-1, however the practical capacity is limited to only 150 mAh 
g-1 due to instability of the structure and capacity fade when more than 50-70 % 
of lithium ions are extracted [21,22]. Moreover, LCO based Li ion batteries are 
rather costly due to the high price of Co and low thermal stability is a major issue 
as exothermal release of oxygen from LCO can lead to a phenomenon called 
thermal runaway and which can cause the battery to burst into flames [7,23,24].  

Due to the high cost and safety problems of LCO, alternative positive electrode 
materials are needed for lithium ion batteries intended for large scale applica-
tions. A successful approach has been a (partial) substitution of Co in LiCoO2 
with Mn, Ni, and Al and leading to a development of a variety of LiMO2, LiMxCo1-

xO2 and LiM1xM2yCo1-x-yO2 compounds [25]. Of the ternary layered oxides, the 
most widespread in commercial use so far have been LiNi1/3Mn1/3Co1/3O2 (NMC) 
and LiNi0.8Co0.15Al0.05O2 (NCA) compounds, although there are also other op-
tions available [7]. NMC can be described as a solid solution of LiCoO2, LiMnO2 
and LiNiO2 with valences 2+, 3+ and 4+ for Ni, Co and Mn, respectively. Capac-
ities of 150-200 mAh g-1 can be obtained with NMC depending on the applied 
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voltage window with an average voltage of 3.7 V vs. Li/Li+, where Ni and Co are 
both oxidized while Mn remains 4+ [26,27]. With NCA also capacities of 200 
mAh g-1 can be achieved with mainly Ni oxidizing at an average voltage of 3.7 V 
vs. Li/Li+ [28,29]. Of these two layered transition metal oxides, NCA has higher 
energy density, whereas NMC has higher thermal stability and is thus the safer 
option [25,30,31].  

 

Figure 3. Structures of positive electrode materials: A) layered LiCoO2, B) spinel LiMn2O4, C) 
olivine LiFePO4 [32] and D) discharge curves of several positive electrode materials, adapted 
from [7]. Reproduced with permission from Elsevier. 

Spinel LiMn2O4 (LMO) is an alternative positive electrode material to layered 
transition metal oxides, as Mn is cheap, abundant and environmentally friendly 
when compared to Co and Ni based oxides. The structure of LMO is a cubic three 
dimensional framework with Mn occupying octahedral 16d and Li tetrahedral 
8a sites (as in spinel LTO) presented in Figure 2B. The structure allows facile Li 
transport in 3D structure and relatively high electronic conductivity [33]. 
(De)lithiation occurs at a relatively high potential of 4.1 V vs. Li/Li+ and two 
plateaus can be observed in the charging/discharging curves as shown in dis-
charge curve in Figure 2D. However, the practical capacity is rather low 120 
mAh g-1. In addition LMO based cells suffer from problems in long-term stabil-
ity, especially at elevated temperatures, both during cycling and storage. The 
main reason for the capacity fading is Mn2+ dissolution in LiPF6 containing elec-
trolytes after the disproportionation reaction  
[2]. Also other mechanisms for capacity fading have been proposed such as Jahn 
Teller distortion of Mn3+ at deep discharge [34], oxygen loss during cycling [35] 
etc. Several approaches have been proposed to stabilize LMO electrodes such as 
partial substitution of Mn [36,37] and surface coating/modification of LMO 
[38,39], however more work is still needed in order to extend the materials 
lifespan. 
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LiFePO4 (LFP) is another alternative to layered positive electrode materials 
that has gathered huge interest since its introduction in 1997 [40] and has also 
been commercialized already. LFP has an olivine structure that consists of PO43- 
tetrahedral units with Fe(II) in corner-shared octahedral positions and Li in 
chains of edge sharing octahedral positions (Figure 2C). When charged, Fe(II) 
is oxidized to Fe(III) in a heterogeneous two phase reaction at very constant 
potential (similar to LTO) at a potential of 3.4 V vs. Li/Li+ [40]. The practical 
capacity obtained with LFP is close to the theoretical capacity which is 170 mAh 
g-1. LFP has several advantages over LiCoO2 and its derivatives such as lower 
cost and nontoxicity. Also high thermal stability of LFP [41,42] together with 
the operation voltage being well inside the electrolyte stability window allows 
manufacturing of high power cells with good safety and very long cycle life 
[5,43]. A disadvantage of the low potential is the low energy density of the cell. 
Also poor ionic and electronic conductivity [44,45] has been a major issue in 
utilisation of LFP. Diffusion of lithium in LFP is highly anisotropic as diffusion 
of Li ions occurs one dimensionally in channels along the [010] channel indicat-
ing the importance of the quality of LFP as impurities and defects can easily 
block these channels [46]. Improvements to ionic/electronic conductivity of 
LFP have been achieved by reduction of particle size [47], carbon coating 
[48,49] and doping [50]. Electrochemistry and phase behaviour of LFP is a com-
plicated issue and depends for example on the particle size and charging/dis-
charging conditions [51-53]. The effect of nanosize on two phase behaviour of 
LFP in contrast to LTO is discussed shortly in Chapter 4.1. Other olivine struc-
tures LiMPO4 (M=Mn, Co, Ni) have also been actively researched as they have a 
higher voltage than LFP and thus higher energy density. However, LiMnPO4 
shows rather poor kinetics [54,55] whereas LiCoPO4 and LiNiPO4 have voltages 
close to or beyond the electrolyte stability window [56-58] limiting their practi-
cal applications.  

2.2 Negative electrode materials 

Carbonaceous structures are the most commonly used materials in negative 
electrodes of lithium ion batteries and numerous different types of carbon ma-
terials have been tested and are commercially available for use in lithium ion 
battery electrodes. The first commercial lithium ion batteries were constructed 
with petroleum coke as negative electrode, but nowadays graphitic negative 
electrodes are most common [2]. Graphite electrodes have the advantage of low 
cost, abundance, high electrical conductivity and relatively high energy density 
due to a low lithium insertion potential of 0.1-1 V vs. Li/Li+ and relatively good 
capacity of 372 mAh g-1 when fully reacted to LiC6 [7]. The properties of carbo-
naceous negative electrodes depend strongly on the structure of carbon. Availa-
ble carbon materials range from natural graphite to synthetic materials formed 
by pyrolysis with different precursors. They are often divided into two general 
categories that are soft carbons i.e. graphite or graphitizing carbon, and hard 
carbons i.e. non-graphitizing carbons. Hard carbons are highly disordered 
structures that show higher capacities than graphite electrodes even exceeding 
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the theoretical capacity. However, also larger irreversible capacities are related 
to the first few cycles of hard carbon electrodes. Also impurities affect the per-
formance of carbon electrodes and for example hydrogen-containing carbons 
have been investigated widely. [16,59,60] 

In graphitic carbon, atoms are arranged in a hexagonal array forming planar 
sheets i.e. graphene layers stacked on top of each other. Intercalated lithium is 
located between graphene layers on top of hexagonal C ring in a way to avoid 
near neighbour occupation. Stacking of graphene layers changes from A-B-A-B-
A to A-A-A-A-A (Figure 3C) as lithium is inserted between them and the dis-
tance between graphene layers increases by approximately 10% [61]. Intercala-
tion of lithium into graphite occurs through a mechanism called staging. This 
means that lithium in not uniformly intercalated between graphene layers but 
is distributed in certain distant layers rather than occupying neighbouring lay-
ers. Staging mechanisms are illustrated in Figure 3B where stage 1 corresponds 
to the fully lithiated structure LiC6, stage 2 has lithium intercalated between 
every other graphene layer, stage 3 has lithium intercalated between every third 
graphene layer etc. Existence of different stages is also manifested in charg-
ing/discharging curves as several distinctive plateaus are observed correspond-
ing to transitions between different stages (Figure 3A) [62,63]. It should be 
noted that transition between stages 4 and 2 involves several stages, namely 
stage 3, stage 2L and stage 2, all of which are not marked in the Figure 3A. A 
perfect graphitic structure is certainly a simplified picture of real electrodes as 
in real materials varying amounts of disorder exist. Thus all the stages are not 
always observed in charging/discharging curves but rather sloping curves are 
observed instead of distinct plateaus for some type of carbon electrodes. 
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Figure 4. A) Typical charge discharge curve of graphite electrode (adapted from Publication III), 
B) staging of the lithiated graphite structure and C) A-B-A-B-A and A-A-A-A-A stacking of 
graphite layers. 

As the insertion of lithium in graphite occurs at a very low potential, near the 
reduction potential of lithium, the safety at high C-rates and low temperatures 
is compromised. Also the Li insertion potential is well below the stability win-
dow of commonly used electrolyte components leading to a reduction of elec-
trolyte molecules and formation of a solid electrolyte interface (SEI) during the 
first cycle. This causes the irreversible capacity loss observed with graphite elec-
trodes during the formatting cycle. However, the formation of a SEI layer is es-
sential in functioning of graphite electrodes as it prevents further decomposi-
tion of electrolyte in subsequent cycles. The composition of the SEI depends on 
the properties of graphite, electrolyte composition and cycling parameters. In 
any case it is a complicated layer with a thickness from few Å to even hundreds 
of Å which contains inorganic compounds from the reduction of salt anions such 
as LiF, LiCl and Li2O and organic compounds from the reduction of electrolyte 
solvents such as Li2CO3 and different Li-alkyl-carbonates [64,65]. 

Li4Ti5O12 is an alternative negative electrode material to carbonaceous elec-
trodes. It has a theoretical capacity of 175 mAh g-1 and a lithium insertion po-
tential of 1.55 V vs. Li/Li+ [11]. Due to the relatively low capacity and high lith-
ium insertion potential leading to a low cell voltage, the energy density of the 
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cells with this negative electrode material is rather low. However, the high in-
sertion potential is also well above the reduction potential of commonly used 
organic electrolytes and thus no SEI is expected to form to the same extent as 
with graphite. In addition to this no lithium plating is likely to occur even at high 
currents or low temperature and the ability to endure high currents makes LTO 
an ideal material for high power applications as well as for large scale applica-
tions.  

LTO has a cubic spinel structure with a space group of Fd3̅m [11].  The unit 
cell contains eight formula units of (Li3)8a[Li1Ti5]16d(O12)32a, in which ¾ of lith-
ium occupy tetrahedral 8a site, ¼ of lithium and all titanium share octahedral 
16d site, and oxygen occupy 32e sites (Figure 4). Three lithium ions can be re-
versibly inserted into the LTO structure while three Ti4+ are reduced to Ti3+. The 
inserted lithium ions occupy site 16c and simultaneously lithium at site 8a also 
migrate to 16c leading to a rock salt type structure (Li6)16c[Li1Ti5]16d(O12)32a. Dur-
ing lithiation the lattice axes change from 8.3595 Å to 8.3538 leading to a de-
crease in the unit cell volume of only 0.1-0.2% [66-68]. Extremely small change 
in the cell volume and structural stability of the [Li1Ti5]16d(O12)32a framework 
during the lithium insertion/extraction process defines LTO as a zero strain ma-
terial [12]. This predicts high mechanical stability and long cycle life for the ma-
terial, and indeed very long cycle lives have been reported with LTO/LFP cells 
[5,6].  

 

Figure 5. Left: Structure of Li4Ti5O12. Red dots represent oxygen, green tetrahedras lithium and 
blue octahedras lithium/titanium. Right: structure of lithiated Li7Ti5O12. Lithium originally at 
green tetrahedral sites (8a) has migrated to green octahedral sites (16c) with inserted lithium 
also at octahedral sites. 

Another peculiar feature of LTO is the flat voltage profile over a wide range of 
states of charge (SOC) as presented in Figure 5. This is generally considered to 
indicate a two phase reaction mechanism between lithium rich and lithium poor 
LTO phases involving a sharp interface between the phases [66,69,70]. It has 
also been suggested that two phase segregation is a kinetically induced non-
equilibrium state that relaxes at room temperature to a solid solution material 
containing lithium rich and lithium poor domains with size less than 9 nm 
[71,72]. Lithium insertion beyond Li4+xTi5O12 (3≤x≤4.5) is also possible and it 
involves simultaneous lithium occupancy at 8a and 16c sites and leads to a the-
oretical capacity of 260 mAh g-1. However, as the simultaneous Li occupation of 



 

12 

8a and 16c sites is energetically unfavourable due to the short distance between 
these sites, this requires a voltage below 0.5 V vs. Li/Li+ and is associated with 
a slightly larger volume expansion of 0.4% and increased stress [73,74]. 

 

Figure 6. Example of a charge/discharge curve of LTO in a Li/1M LiPF6 in EC:DMC/LTO half cell. 

2.3 Electrolytes and other components of the cell 

In addition to the active electrode materials that store lithium ions, a lithium 
ion battery also contains several other components. Electrodes themselves con-
sist of active electrode materials coated on current collectors together with a 
conductive additive to enhance electrical conductivity and a binder to add me-
chanical strength. Current collectors are usually aluminium foils for positive 
electrodes and copper foils for negative electrodes, however in the case of high 
voltage negative electrodes such as LTO aluminium foils are also an option. 
Binders are typically polymeric compounds, such as PVDF, but several other 
possibilities exist. Different binder materials for lithium ion battery electrodes 
are reviewed in Chapter 5.1. Conductive additives are typically different types of 
carbon materials such as carbon black. Carbon additives in the case of LTO elec-
trodes are discussed in more detail in Chapter 4.2. The amounts of carbon ad-
ditives and binder are typically less than 2 % each in commercial lithium ion 
battery electrodes [75]. 

The function of an electrolyte in a lithium ion cell is to transport the electro-
active ions (lithium) between the electrodes and block the transport of electrons. 
The electrolyte has to be compatible with both electrodes, i.e. be stable towards 
both a reductive negative electrode and an oxidative positive electrode, and this 
rules out utilisation of aqueous electrolytes for most electrode combinations. 
Electrolytes used in lithium ion batteries include both liquid and solid electro-
lytes. Liquid electrolytes have been the most common choices in commercial 
batteries and typically include LiPF6 in a mixture of ethylene carbonate (EC) and 
other linear carbonates. EC has a high dielectric constant, i.e. it is able to dis-
solve salts in high concentrations but it also has a high melting point and is thus 
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mixed with other compounds such as dimethyl carbonate (DMC), diethyl car-
bonate (DEC) and ethyl methyl carbonate (EMC) that have lower melting point 
and viscosity but also a lower dielectric constant. The combination of EC and 
linear carbonates show high stability towards oxidation on positive electrode 
surface and although they react at carbon negative electrode potentials, they 
form a stable and passivating SEI on carbonaceous electrodes. LiPF6 has high 
conductivity and is sufficiently safe, however it is also expensive, hygroscopic 
and forms HF in contact with water. Therefore several other options for electro-
lyte salt have been investigated such as LiBF4, lithium bis(oxalato) borate 
(LIBOB), lithium bisperfluoroethanesulfonimide (BETI, LiN(SO2C2F5)2) but so 
far LiPF6 has remained dominant as it best combines necessary characteristics 
[16,76].  

In addition to lithium salt and solvents, the liquid electrolyte also contains ad-
ditives that are used for example to improve formation of the SEI, stabilize LiPF6 
and protect from overcharging, to list a few. The most commonly used electro-
lyte additive appears to be vinylene carbonate (VC), while numerous other op-
tion are also available, for example vinyl ethylene carbonate (VEC), fluoroeth-
ylene carbonate (FEC) and LIBOB [77-79]. Liquid electrolyte in the cell is im-
pregnated in a microporous film that separates the positive and negative elec-
trodes, i.e. a separator [2]. Typically separators are made of polyolefin materials 
such as polyethylene, polypropylene or a combination of the above as they fulfil 
the strict requirements of mechanical properties and chemical stability at ac-
ceptable cost. Solid electrolytes are an alternative to liquid electrolytes and the 
options include organic polymer and gel electrolytes and inorganic ceramic elec-
trolytes [80]. They have the advantage of improved safety but the ionic conduc-
tivities of the solid electrolytes are typically lower than those of liquid electro-
lytes. Also liquid electrolytes have the advantage of better accommodation to 
volume changes of the electrodes.  
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3. Experimental methods 

3.1 Electrode fabrication 

Electrode preparation involved mixing of the electrode materials and subse-
quent coating of the obtained electrode slurry on a metal foil. Carbon black 
(Timcal) was used as a conductive additive. PVDF was used as a binder in NMP 
based slurries (Publications I, II, and IV). Acryl S020 (Publications III and IV) 
or CMC with SBR (Publication III) were used as binders in aqueous electrode 
processing. Coating was performed using a laboratory scale doctor blade on an 
aluminium (LTO electrodes in Publication I, II and IV) or copper foil (graphite 
electrodes in Publication III). Coating thicknesses and calendering forces were 
optimized to obtain the desired electrode loading and porosity. Electrodes were 
dried under vacuum at ≥110 ° overnight to get rid of all humidity before assem-
bling the cells in an argon filled glove box. Electrode loadings were kept constant 
when comparing the performances of different electrodes, with typical variation 
of 0.2 mg (LTO) cm-2, and no more than 0.5 mg (LTO) cm-2. 

In publication IV also pilot scale slot die coating and gravure printing methods 
were tested. In the gravure printing method, electrode slurry is transferred on a 
metal printing cylinder (gravure cylinder) by rotating the cylinder in electrode 
slurry while the excess slurry is wiped from the cylinder surface by a doctor-
blade. Then the aluminium foil substrate is pressed onto the printing cylinder 
by an impression roller resulting in a direct transfer of the slurry on the alumin-
ium substrate. In the slot die coating method, electrode slurry is supplied to the 
die at a constant speed and applied through a slot onto the moving aluminium 
foil substrate. The principles of the coating methods described above are shown 
in Figure 6. 

 

Figure 7. Electrode coating methods: A) laboratory scale doctorblade coating, B) pilot scale gra-
vure printing and C) pilot scale slot die coating. 

3.2 Electrochemical characterization 

Most of the electrochemical measurements were conducted using a two elec-
trode set up in coin cells (Figure 7a and c). In the two electrode set up lithium 
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metal foil acts as both counter and reference electrode. The advantage of the two 
electrode set up is its simplicity, however the disadvantage is the possible polar-
ization of the lithium electrode at high current densities which affects the meas-
ured voltage values [81]. Lithium electrodes are also not stable in the standard 
liquid organic electrolytes resulting in a constant growth of the SEI layer and 
increase in the electrode resistance over time [82]. Cells using lithium counter 
electrode are referred to as half cells. As they contain excess capacity in the Li 
counter electrode side this enables the study of the test electrode without the 
effect of Li loss at the counter electrode. However, the Li loss at the test elec-
trodes is also hidden by the excess amount of Li available, and thus full cell 
measurements are needed in order to determine the cycle life characterisctics of 
the studied electrode material in more detail. Thus full cells were utilized in cy-
cle life testing using LiFePO4 (Publication I) and NMC (Publication III) positive 
electrodes with LTO and graphite negative electrodes. The electrolyte was 
standard 1M LiPF6 in 1:1 EC:DMC, except in the case of graphite electrode cycle 
life testing where 1M LiPF6 in 1:1 EC:DMC with 2 w-% vinylene chloride (VC) 
electrolyte additive was used (Publication III).   

In the case of impedance measurements, a three electrode set up was used to 
study the test electrode in more detail and to minimize the effect of the counter 
electrode resistance. Lithium metal foil was used as both counter and reference 
electrode in a Hohsen three electrode test cell (Figure 7 b and d). In this set up 
the Li reference electrode is in the shape of a ring placed between two separa-
tors. The reference electrode and cell geometry significantly affect the obtained 
impedance response of the electrode and uniaxial placement of the reference 
electrode has been shown to produce more reliable impedance data [83,84].  

 

Figure 8.  A and C) two electrode 2016 coin cells, and B and D) Hohsen three electrode test cell 
using ring shaped reference electrode. 
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Probably the most common electrochemical characterization method for lith-
ium ion battery materials is galvanostatic measurements i.e. charging and dis-
charging measurements as presented for LTO in Figure 5. In this method con-
stant current (CC) is applied on the system and the voltage response is measured 
as a function of time until a cutoff voltage or cutoff time is reached. Sometimes 
CCCV (constant current-constant voltage) method is used for charging espe-
cially in the case of graphite cells where a constant voltage step is added at the 
end of the constant current charging step. Charging and discharging measure-
ments give information for example on the capacity of the material i.e. the abil-
ity of the material to store energy, and cycle life behaviour, i.e. stability of the 
material. By using different charging/discharging conditions such as different 
current rates and temperatures, information on the reaction kinetics and trans-
portation phenomena can also be obtained.  

Another widely used electrochemical characterization method is cyclic volt-
ammetry (CV) in which voltage is linearly swept at different scan rates between 
specified vertex values while the current response is measured. This method 
gives information on both the stability and kinetics of the electrode material 
(Publication I). Based on measured peak maxima, peak widths and peak sepa-
ration qualitative information of the kinetics of the material can be deduced, 
and different approaches have also been suggested to quantitatively gather ki-
netic parameters from CV data in the case of porous electrodes with a two phase 
reaction [85].  

Electrochemical impedance spectroscopy (EIS) is another somewhat different 
characterization method. In this technique an alternating sinusoidal potential 
signal is applied and the current response is recorded as a function of the fre-
quency, or vice versa an alternating sinusoidal current signal is applied and the 
potential response is recorded. Different processes such as mass transfer, elec-
tronic/ionic conduction, capacitive effects and charge transfer dominate in an 
electrochemical cell depending on the applied frequency. Thus by applying a 
frequency range in an EIS scan, information is gathered on the limiting factors 
and resistances of the measured cell. The advantage of the EIS technique is its 
non-destructiveness and fast and easy implementation, however the interpreta-
tion of the results by using equivalent circuits is not always straightforward. As 
EIS is a very sensitive technique, two electrode measurements with lithium 
counter electrode do not provide sufficient information on the material of inter-
est and thus a three electrode set up (Publication I and II) or symmetric cell 
approach have been applied [86,87] (Publication III) for EIS measurements. In 
the symmetric cell approach, two graphite negative electrodes at 50% SOC were 
harvested from the preliminary treated Li/graphite half cells and combined in 
symmetric cells for EIS measurements to omit the contributions from the Li 
counter electrode (Publication III).  

3.3 Material characterization 

Several methods complementary to electrochemical characterization can be 
used to study lithium ion battery materials either prior to or following cycling. 
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Also in-situ characterization methods have become more and more common 
[88,89] and for example in-situ X-ray diffraction (XRD), neutron diffraction 
and high resolution transmission electron microscopy (HRTEM) have been 
used to study phase transformations in LTO and LFP electrodes [90-92]. In this 
thesis, X-ray diffraction (XRD) is utilized to study the phase purity and crystal-
line structure of the pristine LTO electrode materials (Publication I and II), and 
in addition evidence of the crystal size can be obtained from the peak widths. 
Particle size and morphology has a significant effect on the performance of lith-
ium ion battery materials. Thus, scanning electron microscopy (SEM) (Publica-
tions I, II, III), HRTEM (Publication I) and atomic force microscopy (AFM) 
(Publication IV) are applied to study the morphology and size of the electrode 
materials as well as the structure of the electrodes. Indirect evidence of the mor-
phology can also be obtained by surface area measurements using BET 
(Brunaeur-Emmett-Teller) adsorption technique (Publication I and II). Water 
content even in trace amounts is an important issue in manufacturing of Li ion 
batteries. Therefore thermogravimetry (TG) was used to study the water absorp-
tion and desorption characteristics of lithium titanate material (Publication IV) 
where the water content of the sample is measured at different temperatures 
and relative humidity conditions [93].  
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4. LTO as a negative electrode material  

4.1 Particle morphology vs. electrochemical properties 

Charge transport through the electrode materials is generally considered to be 
the limiting step in lithium ion batteries [94]. Therefore the performance of the 
battery can be enhanced by reducing the particle size of the active materials 
which in turn reduces the lengths of diffusion paths and increases the surface 
area and available sites for lithium insertion [47]. In the case of LTO, micron-
sized material usually shows poor rate capability whereas with nano-sized ma-
terials very high capacities even at high rates have been achieved [95]. Kavan et 
al. have studied lithium insertion using LTO thin film electrodes and materials 
with a surface area of 1.3-196 m2 g-1 corresponding to the particle size range of 
9 nm - 1 μm [96]. Their systematic study of charge capability as a function of 
particle size revealed optimum performance with 100 m2 g-1 and 20 nm parti-
cles. There have been numerous attempts to enhance the high rate capability of 
LTO by designing different types of nanostructures. For example LTO nanopar-
ticles [97-99], LTO hollow structures [100-102], and LTO nanotubes [103-105] 
have been reported as an effective means of reducing the rate limiting diffusion 
pathway leading to enhanced performance. 

However, with nanosized materials some disadvantages also emerge when 
compared to similar materials that are micronsized. First nanosized materials 
might promote parasitic reactions when the contact area between electrode ma-
terials and electrolyte is increased. This is an important issue as the stability of 
the LTO surface towards the electrolyte has been under debate lately [106]. An-
other disadvantage of nanosize electrode material is lower tap density leading 
to lower electrode loadings and overall energy density [107]. Disadvantages of 
nanosized LTO particles have been attempted to be tackled by creating hybrid 
materials with small primary particles forming large secondary structures that 
possess the advantages of nanosizing without compromising the demand for 
high energy density (Publication I) [95,108-111]. In publication I this type of 
LTO structures consisting of primary particles with less than 100 nm mean size 
forming spherical aggregates of 10-50 μm were investigated (Figure 8). With 
this approach 30% higher LTO tap densities were achieved when compared to 
LTO material with larger primary particles and minimal aggregation forming 
secondary particles. Very promising results have been achieved also using LTO 
nanocrystallites forming compact LTO spheres that have a very high tap density 
of 1.2 g cm-3 [111]. The high rate capability of such dense LTO structure was ex-
plained by fast Li and electron transport along grain boundaries inside the sec-
ondary LTO particles. 
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Figure 9.  SEM images of LTO-SP particles showing A) primary particle structure and B) second-
ary particle structure. Scale bar in A) is 1 μm and in B) 10 μm. 

In Publication I the electrochemical performance of LTO particles with small 
primary size forming large aggregates (LTO-SP as smaller primary particle) was 
compared to that of LTO particles with larger primary particle size and less ag-
gregates (LTO-LP as larger primary particle). As both LTO-SP and LTO-LP sam-
ples were synthesized using the same high temperature solid state synthesis re-
sulting in the same crystalline structure in bulk, we are able to study the effect 
of particle morphology alone. Electrochemical performance in terms of ob-
tained capacities is similar for LTO-SP and LTO-LP when low C-rates are used 
at room temperature. However when high currents (>1C) and low temperatures 
are used better capacities are obtained with LTO-SP and the difference was over 
10% at 10C at room temperature. This was attributed as a beneficial effect of 
smaller particle size and larger surface area as a higher amount of surface sites 
and shorter diffusion paths facilitate lithium transport in LTO-SP when com-
pared to LTO-LP.  

Another difference between LTO-SP and LTO-LP was also observed when the 
shapes of the charge discharge curves and cyclic voltammograms of LTO-SP and 
LTO-LP were compared, as presented in Figure 9. Although typical flat 
charge/discharge curves with similar average charging/discharging potentials 
were obtained for both LTO-SP and LTO-LP, the shapes of the curves are differ-
ent. For LTO-LP with the larger particle size the flat area is extended over almost 
the entire capacity range, whereas for LTO-SP with the smaller particle size 
sloping charging/discharging curves near the end members Li4Ti5O12 and 
Li7Ti5O12 are obtained resulting in a reduced voltage plateau. Also in CVs nar-
rower peaks are observed with LTO-LP whereas for LTO-SP sloping of both ca-
thodic and anodic peaks are observed in the high voltage end where x in 
Li4+xTi5O12 is close to zero.  

Similar reduction of the voltage plateau and two phase domain is also ob-
served in other two-phase transition materials, for example in nanosized LFP. 
However, in the case of LFP the reduction of the voltage plateau is attributed to 
strain and interface energy between the end members LiαFePO4 and Li1-βFePO4. 
There is a difference of 6.5% in the molar volume between the lithium rich and 
lithium poor LFP phases which in the case of nanosized LFP results in the re-
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duction of the miscibility gap [40,52,112]. By contrast to LFP, LTO has a negli-
gible change in lattice parameters during charging/discharging (0.1-0.2% 
[66,67]) and thus the origin of the curved voltage plateaus is also different. Sim-
ilar reduction of the voltage plateau has been found in very small LTO particles 
(12 and 31 nm) by Borghols et al. [113]. This can be explained by different redox 
potentials at the near surface region vs. bulk as has been shown theoretically by 
DFT calculations by Ganapathy and Wagemaker [114]. The calculated insertion 
voltage of the LTO surfaces were significantly higher than the bulk voltage [114] 
as is experimentally observed in Publication I and [113]. Moreover, calculations 
show a strong dependence of storage properties on surface orientation [114] and 
indeed LTO-SP and LTO-LP have different surface planes based on observa-
tions on HRTEM as (400) and (111) surface planes are observed for LTO-SP and 
LTO-LP.  

 

Figure 10. A) Charge –discharge curve of LTO-SP and LTO-LP electrodes and B) CV of LTO-SP 
and LTO-LP electrodes (Publication I). Active material loadings on the electodes are 4.6-4.7 
mg (LTO) cm-2. 

In addition to differences observed in dynamic conditions i.e. when current is 
applied, also different behaviour in open circuit potentials (OCP) were observed 
for LTO-SP and LTO-LP as presented in Figure 10. Although both samples sta-
bilize to the same voltage value of 1.56 V vs Li/Li+ after lithiation, the process is 
much faster for LTO-LP. This is suggested to result from overlithiation of the 
surface region. Although simultaneous occupancy of 8a and 16c sites is usually 
energetically unfavourable it is more feasible at the surface sites than in the bulk 
which results in an overlithiated phase Li7+xTi5O12 in the LTO-SP particles with 
the high surface area (Publication I). Recently it has been observed by compar-
ing LTO with different particle sizes using in-situ neutron powder diffraction 
that in smaller LTO particles 8a sites at the surface region are refilled with Li 
faster than Li transfer from 8a sites to 16c sites which results in simultaneous Li 
occupancy of 8a and 16c sites [115]. Also Borghols et al. observed simultaneous 
occupation of 8a and 16c sites that explained the larger capacities observed with 
a smaller particle size and capacities exceeding the theoretical capacity [113]. In 
publication I simultaneous occupancy of 8a and 16c sites in LTO-SP results in 
slower relaxation between the overlithiated phase Li7+xTi5O12 present in the sur-
face and Li4Ti5O12/ Li7Ti5O12 phases present in bulk. 
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Figure 11. OCP curves of A) LTO-SP and B) LTO-LP (Publication I) after discharge of Li/LTO 
cells i.e. at a lithiated state. (Publication I) 

To summarize, the distinctive properties observed with nanosized LTO mate-
rials are not only the effect of more available surface sites and shorter diffusion 
paths, but also excess storage and different thermodynamics at the surface sites. 
Hence the properties of the LTO electrode could be altered by controlling the 
size and shape and thus surface orientation of the LTO particles. Here it is 
shown that by a simple end treatment in the synthesis process, particle mor-
phology and surface properties of LTO can be affected that further affects the 
electrochemical performance of the LTO material. 

4.2 Conductivity and the use of conductive additives in LTO elec-
trodes 

LTO is an electronic insulator with a conductivity as low as 10-8…10-13 S cm-1 due 
to the large band gap between the occupied O 2p and empty Ti 3d states 
[68,116,117]. Therefore several attempts have been made to enhance the con-
ductivity of LTO and hence the performance of the material in a lithium ion bat-
tery. These include for example doping with Mg [116,118], Nb [119], Zn [120], as 
well as with numerous other elements. By doping of Li+, Ti4+ or O2- sites by dif-
ferent ions, a mixed Ti3+/Ti4+ state can be created to increase the concentration 
of charge carriers and an increase in conductivity of several orders of magnitude 
to 10-2 S cm-1 have been reported with Mg doping [116]. Also carbon coating of 
LTO [121-124], LTO-carbon nanotube (CNT) [125,126] and LTO-graphene 
[127,128] composites have been widely studied as potential methods to improve 
the performance of LTO. However, recently views on the necessity of carbon 
additives and on how detrimental the low conductivity of pristine LTO really is 
have been challenged as results of LTO electrodes without carbon coating or 
conductive additives have been published [13,14]. These recent results suggest 
that the conductivity of pristine LTO is not as problematic as has been consid-
ered until now.  

Functioning of the LTO electrodes without carbon additives or carbon coating 
is enabled on the one hand by the zero strain nature of LTO and on the other 
hand by an increase in conductivity at the early stage of lithiation [14,129]. The 
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conductivity of LTO has been reported to increase very fast after only a few per-
cent lithiation and reach a value of 2.46 S cm-1 at room temperature as Ti4+ is 
partially reduced to Ti3+ and Ti 3d orbitals occupied [129]. The conductive phase 
Li7-βTi5O12 is formed on LTO particle surfaces in the vicinity of the current col-
lector where it very quickly propagates across particle surfaces towards the elec-
trode surface facing the separator creating a conductive network throughout the 
electrode [14]. During the following delithiation the conductivity of LTO is again 
decreased, however not to the original levels of pristine LTO indicating a pre-
sense of Ti3+ charge carriers remaining in the material even after delithiation. 
Several other electrode materials such as TiO2, LiNi0.5Mn1.5O4 and LiCoO2 with-
out carbon additives show poor cycling performance due to either low conduc-
tivity of the carbon free electrode or notable volume change during lithia-
tion/delithiation causing mechanical degradation [14]. 

As some other studies indicate poor performance of LTO electrodes without 
carbon additives [130], the effect of particle morphology on the performance of 
carbon free LTO electrodes was studied using LTO-SP and LTO-LP particles 
with different surface areas and particle sizes (Publication II). The performance 
of LTO-SP and LTO-LP is similar in both carbon free (0% C) and carbon con-
taining (3%) samples at low C-rates and at room temperature. However, at 
higher C-rates (>1C) and low temperature (-20 °C) difference is observed be-
tween 0% and 3% carbon containing electrodes such that 3% C electrodes show 
larger capacities and the difference is more pronounced with LTO-SP with 
larger surface area as shown in Figure 11 (Publication II). The effect of carbon 
additives thus depends on the LTO particle size and morphology as shown by 
different behaviour of LTO-SP (large surface area and high packing density) and 
LTO-LP (larger particle size and smaller surface area) with and without carbon 
additives. As the smaller particle size and larger surface area of LTO-SP provide 
shorter solid state diffusion pathways and more surface sites for lithium inter-
calation and yet carbon additives have more impact in the case of LTO-SP elec-
trodes, these results suggest that the different morphology of LTO-SP and LTO-
LP electrodes plays an important role on the performance of the electrode. Car-
bon addition alters the porosity and morphology of the electrode and thus can 
have more pronounced effect in the case of more densely packed LTO-SP elec-
trodes. The importance of interparticle contacts is emphasized in carbon free 
electrodes in order to create a conductive network that enables fast charge 
transport throughout the electrode. 
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Figure 12. Charge discharge curves of a carbon free (0% C) and carbon containing (3% C) A) 
LTO-SP and B) LTO-LP electrodes at different C-rates at room temperature (Publication II). 
Active material loadings on the electrodes are 4.5-4.9 mg (LTO) cm-2. 

In addition to the influence on rate capability, carbon additives also affect the 
cycle life behaviour of LTO electrodes. It has been reported that carbon additives 
increase reactivity towards the electrolyte especially at high temperatures [131]. 
However, carbon as a thin coating layer on the surface of LTO particles seems 
to suppress electrolyte reduction and gas formation [124,132,133]. In the case of 
LTO with a high surface area and without a protecting carbon coating (as in 
LTO-SP) it seems that although beneficial for rate capability, the high surface 
area also increases reactivity towards the electrolyte promoting parasitic reac-
tions and thus has a negative effect on cycle life as presented in Figure 12 (Pub-
lication II). LTO-SP with 0% carbon showed poorer stability when compared to 
LTO-SP with 3% carbon or LTO-LP at room temperature. At higher temperature 
(60 °C) the stability of both LTO-LP and LTO-SP is deteriorated substantially 
as the capacity drops fast after 50 to 60 cycles.   

 

Figure 13. Cycle life of carbon free and carbon containing LTO electrodes at A) room temperature 
and B) 60 °C. (Publication II) 

In conclusion, the effect of carbon additives in LTO electrodes depends both 
on the particle and electrode morphology. Several factors affect the performance 
of the battery electrode including both active material properties (such as parti-
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cle size and morphology, crystalline structure/purity etc.) and electrode prop-
erties (thickness, porosity, material ratios etc.) and as many of such properties 
are interdependent, it is often complicated to discriminate the effects of differ-
ent factors. However, in Publication II it was concluded that the effect of carbon 
additives on the performance of LTO electrode is observed in more demanding 
cycling conditions and the effect is more pronounced in LTO electrodes with 
smaller particle size and larger surface area (LTO-SP). The effect on cycle life is 
a combination of the presence of carbon additives and LTO particle morphology 
[134] and surface properties [135]. 
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5. Electrode fabrication method using 
water soluble acrylate binder  

5.1 Binder materials for lithium ion batteries and electrode manu-
facturing 

Traditionally lithium ion battery electrodes are prepared using a PVDF binder 
in an N-methylpyrrolidone (NMP) solution. Requirements for the binder are 
rather demanding as it should have high mechanical stability at a low content 
and good electrochemical stability over a wide potential and temperature range. 
PVDF as an electrode binder has the advantage of high electrochemical stability 
and strong binding strength, as well as the ability to absorb electrolyte for facile 
Li ion transport [136]. It functions well with several cathode materials such as 
LiCoO2, LiNi1/3Mn1/3Co1/3O2 (NMC), LiNi0.8Co0.15Al0.05O2 (NCA) and LiFePO4 
(LFP) and is widely adopted in commercial use. However, it also has some draw-
backs such as relatively high cost, and low flexibility that causes a problem in 
mechanical stability in the case of large volume changes of the material during 
cycling [137]. Also stability and safety aspects with graphite have been brought 
up as PVDF has been reported to react exothermally with graphite in a lithiated 
state under extreme conditions [138].  

Another disadvantage related to the use of PVDF is that it requires NMP as a 
solvent. NMP is expensive, hazardous to health, and environmentally un-
friendly, and therefore different alternatives are searched for. Especially water 
soluble binders have gathered much interest as water being cheap and harmless 
would be an ideal solvent for electrode processing. Moreover, aqueous electrode 
processing would mean less strict control of the processing humidity and faster 
drying in electrode manufacturing, thus simplifying the fabrication of electrodes 
[136]. Combination of carboxymethylcellulose (CMC) and styrenebutadiene-
rubber (SBR) has been successfully used for graphite electrode manufacturing 
in commercial lithium ion batteries where SBR works as a primary binder and 
CMC as a thickening agent. Also several other water soluble binders have been 
successfully studied for graphite electrode manufacturing including Acryl S020 
(Publication III), poly(acrylamide-co-diallyldimethylammonium chloride) 
(AMAC) [139], polyacrylic acid (PAA) [140,141] and poly(acrylonitrilebutylacry-
late) [142] to mention a few. 

Although the majority of research on water soluble binders is focused on 
graphite negative electrodes or alloying/conversion electrodes due to their chal-
lenges and obvious need for improvements in mechanical stability, several dif-
ferent binders have also been tested in preparation of LTO electrodes. For ex-
ample water soluble Acryl S020 (Publication IV), CMC [143-146], CMC and SBR 
[147], PAA [148], guar gum and tara gum [149] and PEG-based copolymer 
(poly(PEGMA-co-MMA-co-IBVE)) [150] have been reported for LTO electrodes 
as well as polyacrylonitrile (PAN) [151], polymerized ionic liquid nanoparticle 
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[152] and rosin as additive to PVDF binder [153] in NMP based LTO electrode 
manufacturing.  

The selected binder greatly affects the morphology of manufactured elec-
trodes. For example it has been reported that electrodes with lower binder con-
tent [154] and higher compactness [155] have been obtained with water soluble 
CMC when compared to electrodes with PVDF. Thus the binder also affects the 
performance of the electrodes in a battery as electronic and ionic conduction is 
highly dependent on the morphology. Porosity of the structure has the opposite 
effect in electronic and ionic conduction as electronic conduction limits the per-
formance in low packing densitities due to poor contacts while ionic conduction 
dominates in dense electrodes. Thus the optimum porosity is a compromise be-
tween electronic and ionic conduction and for example in LFP electrodes the 
optimum porosity has been determined as 30-35 % [156]. The same applies to 
the amounts of binder and conductive additive. The conductivity can be in-
creased by adding more carbon to the electrode structure, however the addition 
of nanosized carbon also requires more binder. The addition of binder on the 
other hand lowers the electrode density and PVDF binder has a negative effect 
on electronic and ionic conduction, but then enhances the mechanical strength 
of the composite electrode. Thus the amount and ratios of conductive additive 
and binder must be optimized for the selected active material and intended ap-
plication [157]. Due to the insulating nature of PVDF binder, different types of 
conductive polymers have also been investigated for lithium ion battery elec-
trodes [158,159]. 

The nature of the binder affects not just the final electrode structure but also 
electrode manufacturing process as the suspension properties and particle dis-
persion depend on the binder [160,161]. Particle interactions are naturally very 
different in organic solvents with low polarity when compared to polar solvents 
and aqueous solutions. Also different drying kinetics of NMP and aqueous solu-
tions affect the particle distribution in the electrode sheets as the evaporation of 
the solvent causes migration of the binder towards the electrode surface [162]. 
Due to the numerous variables in electrode processing, electrode slurries must 
be optimized for the specific system in terms of binder/solvent nature, slurry 
mixing technique and solvent concentration.  

5.2 Graphite electrodes with acrylate binder 

Graphite electrodes for commercial lithium ion batteries are typically manufac-
tured using CMC and SBR binder combination. Although CMC is widely used 
for the preparation of lithium ion battery electrodes, CMC based electrode slur-
ries suffer from bacterial growth. In publication III, acrylate based binder Acryl 
S020 was applied for preparation of graphite electrodes and the results were 
compared to electrodes prepared with a combination of CMC and SBR. Similar 
capacities were obtained with Acryl S020 and CMC+SBR graphite electrodes at 
low C-rates and room temperature. However, better performance was achieved 
at high C-rates and low temperature (0 °C) with Acryl S020 when compared to 
CMC+SBR as shown in Figure 13. Stability of the Acryl S020 electrodes was 
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similar as those of CMC+SBR indicating a similar tolerance for volume change 
of the graphite structure. The results obtained in Publication IV showed the po-
tential of Acryl S020 binder for fabrication of graphite electrodes. 

 

Figure 14. Specific capacities of the graphite electrodes with the Acryl S020 and CMC+SBR 
binder in Li/graphite half cells at C-rates 0.1C, 0.2C, 0.5C and 1C and temperatures 0 °C, 20 
°C, and 40 °C. 

The differences in performance between electrodes with different binders can 
be attributed to the effect of the binder on the electrode structure. For example 
graphite electrodes with PAA binder have been reported to be more resistant to 
pressing of electrodes which yields a more porous structure at higher density 
when compared to electrodes manufactured with CMC+SBR or PVDF [141]. 
Similarly the Acryl S020 based electrodes were found to tolerate higher calen-
dering forces than electrodes manufactured with CMC+SBR and also result in a 
slightly different electrode structure based on observations with SEM (Publica-
tion IV). This difference in structure affects the performance of graphite elec-
trodes at high C-rates and low temperature (Publication IV). Earlier it has been 
found that the low temperature performance of graphite electrodes is different 
for electrodes manufactured also with CMC+SBR and PVDF and this was at-
tributed to structural effects [163]. The favourable effect of the Acryl S020 
binder on the electrode structure and on the measured performance can be ex-
plained by enhancement of both electron transfer through the conductive net-
work and lithium transport in the porous electrode structure.  

5.3 Lithium titanate electrodes with acrylate binder  

In addition to graphite, Acryl S020 was also introduced for the manufacturing 
of LTO electrodes (Publication IV). Aqueous electrode processing and the use of 
the Acryl S020 binder in the case of LTO electrodes has entirely different chal-
lenges than in the case of graphite electrodes. Extremely small changes in lattice 
dimensions of LTO during cycling brings less challenges in mechanical stability 
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during cycling than in the case of graphite. However, LTO tends to absorb sub-
stantial amounts of water which brings challenges for the drying step of manu-
facturing as the currently used electrolyte is highly sensitive to moisture. Water 
absorbance of LTO powder has been measured to be up to 20 times larger than 
for LFP [93]. However, TG studies as shown in Figure 14 show that the water 
absorption/desorption process in LTO is nearly reversible [Publication IV]. 
Thus with careful drying conditions waterless LTO electrodes can be prepared 
using aqueous electrode processing. Also it has been reported that the Acryl 
S020 binder in the case of LiFePO4 electrodes reduces the water absorbance of 
active material whereas a CMC binder was reported to increase the absorbance 
as CMC is known to absorb water readily [164].  

 

Figure 15. Water absorption/desorption TG measurement for LTO powder (solid line), tempera-
ture (upper dashed line) and humidity (lower dashed line). (Publication IV) 

In Publication IV, Acryl S020 was used as a binder in LTO negative electrodes 
and the results were compared to PVDF based LTO electrodes. Charging and 
discharging experiments using Li/LTO half cells indicated similar capacities 
and resistance for the LTO electrodes manufactured with either Acryl S020 or 
PVDF. Obtained capacities at low C-rate were close to the theoretical capacity 
(175 mAh g-1) and the capacity loss at 10C was 39% when compared to the ca-
pacity measured at 0.1C. These results indicate that the Acryl S020 electrodes 
have potential to be used in high power applications. Also cycle life tests indicate 
similar stability for the Acryl S020 and PVDF electrodes as stable capacities 
were measured for over 200 cycles with high current and energy efficiencies. 
Furthermore, pilot scale manufacturing of electrodes with the Acryl S020 
binder was tested using gravure printing and slot die coating methods. These 
methods produced electrodes with very different loadings, 0.7 mg cm-2 active 
material on aluminium foil with gravure printing and 3.8 mg cm-2 with slot die 
coating. Stable cycle life of over 500 cycles were achieved with both the methods 
as presented in Figure 15. Of these methods, material loadings achieved with 
slot die coating technique are on the same scale as electrode loadings in com-
mercial lithium ion batteries whereas loadings achieved with gravure printing 
technique might be too low for practical applications.  
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Figure 16. Cycle life of LTO electrodes with Acryl S020 binder manufactured using slot die coat-
ing and gravure printing methods. (Publication IV) 

Despite the promising results achieved with the water soluble Acryl S020 
binder in preparation of LTO electrodes, the applicability of water based pro-
cessing depends on the stability of LTO in contact with moisture. Severe swell-
ing has been observed in lithium ion pouch cells using LTO as negative electrode 
in combination with different positive electrode materials [165-168]. Gas gen-
eration in LTO cells has been observed both during cycling or storage, especially 
at elevated temperatures and the main gaseous products have been analyzed as 
H2, Co, Co2, and C2H4 as well as other hydrocarbons [106,169,170]. Debate on 
the origins of gassing in LTO cells is still going on as some studies claim that the 
potential of LTO [166] or reactivity of LTO surface towards electrolyte [106,171] 
causes gas generation while other studies argue that gassing mainly originates 
from the reduction of trace water in LTO cells [168,170,172]. The latter view 
highlights the need for strict control of humidity in the production of LTO cells 
in order to avoid the swelling issue. Quite surprisingly, Burns et al. reported 
results on the impact of water in the electrolyte of LTO/LCO cells. Although 
swelling of the LTO/LCO cells during the formation cycle increased as a function 
of water content in the electrolyte, this had no detrimental effect in the cell per-
formance up to 100o ppm water addition [173]. 

Quite a few studies exist on cation exchange of Li4Ti5O12 material. Li+ in LTO 
structure can be exchanged with H+ from aqueous solution and it has been 
found that LTO in acidic solutions is not stable against proton exchange [174]. 
Lithium ions mainly at 8a sites were replaced by H+ from the acidic solution and 
the exchange was greater with ball milled LTO samples due to increased surface 
area. Aqueous LTO solutions are basic in nature which might hinder proton ex-
change to some extent and negligible Li dissolution has been measured in aque-
ous LTO electrode slurries using typical LTO concentration and exposure times 
[147]. However, Li dissolution is increased in acidic solutions, or if the immer-
sion time is increased, or LTO concentration decreased. As our preliminary 
studies show some amount of Li dissolution in aqueous LTO slurries stored for 
long time (> several months), further work is needed to study the stability of 
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aqueous LTO electrode slurries in conditions similar to industrial electrode pro-
cessing.   
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6. Conclusions and suggestions for fu-
ture research 

In this thesis, various aspects of the negative electrodes of lithium ion batteries 
are studied. The emphasis is on lithium titanate materials and electrodes as both 
the effect of particle morphology (Publication I) and carbon additives (Publica-
tion II) are studied in detail using different cycling conditions. Lastly electrode 
preparation using water soluble acrylate binder is applied on the preparation of 
both LTO and graphite electrodes (Publications III and IV).  

The effect of particle size and morphology of LTO on the performance of lith-
ium ion batteries was studied in Publication I. Two different LTO materials were 
selected possessing the same crystalline structure but different particle mor-
phology. Different behaviour was observed depending on the particle morphol-
ogy such that smaller size and large surface area was beneficial for lithium 
transport at high currents and low temperature as better capacitites were ob-
tained. Sloping charge discharge curves were observed for LTO with smaller 
particle size and larger surface area indicating different electrochemical envi-
ronments in bulk and surface. Also simultaneous occupation of 8a and 16c sites 
near the surface region were observed with LTO of larger surface area. Thus the 
observed differences between LTO particles of different size are not only a result 
of shorter diffusion paths and a larger number of available surface sites but also 
different thermodynamics and excess Li storage at the surface region. This 
opens up possibilities to influence the electrode properties by morphology and 
surface modification of the LTO electrode material.  

In addition to this, the effect of carbon additives on the performance of LTO 
electrodes was evaluated using two different LTO materials in Publication II. It 
was concluded that carbon additives have minimal effect on the performance of 
the LTO electrodes in moderate conditions (low C-rates and room temperature) 
but when more demanding conditions are applied (either high C-rates or low 
temperatures) the carbon containing LTO electrodes produced larger capacities 
than the carbon free LTO electrodes. The effect of carbon additives was more 
evident for LTO with smaller particle size and larger surface area and thus the 
effect of carbon additives depends on both LTO particle and electrode morphol-
ogy. The presence of carbon additives is an important aspect for industrial elec-
trode manufacturing. Thus, the need for carbon additives in LTO electrodes in 
a specific battery configuration and application must be carefully evaluated and 
the effect of carbon additives on cycle life studied in more detail. 

Substitution of an organic solvent based electrode manufacturing process by 
a more environmentally friendly aqueous method is an effective means to re-
duce the costs and environmental burden of lithium ion battery manufacturing. 
Application of a water soluble acrylate binder Acryl S020 was tested in the man-
ufacturing of LTO and graphite negative electrodes. By using Acryl S020 binder 
the use of harmful and expensive NMP solvent can be omitted and thus cheaper 
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and environmentally friendly aqueous electrode processing can be used instead. 
This approach was tested in LTO and graphite negative electrodes that possess 
different type of challenges. With LTO and Acryl S020 stable capacities were 
obtained for over 500 cycles as presented in Publication IV. Also pilot scale elec-
trode fabrication methods, gravure printing and slot die coating, produced 
promising results. Although LTO absorbs water readily, it was shown by TG that 
the water absorption desorption process is reversible and therefore aqueous 
processing seems applicable for LTO electrodes. However the possible proton 
exchange and its extent in aqueous electrode slurries should be further evalu-
ated, and the effect on cycle life should be tested using pouch cells in full cell 
configuration instead of half cells to detect potential gassing issues. 

Acryl S020 was also tested with graphite negative electrodes. Graphite elec-
trodes are routinely manufactured using water soluble CMC and SBR binders. 
However, considerable volume changes in the case of graphite when compared 
to LTO electrodes brings additional challenges in obtaining mechanical stabil-
ity. In Publication III it was demonstrated that in addition to LTO with negligi-
ble volume change, Acryl S020 is also applicable to manufacturing of graphite 
electrodes. Results were compared to the usual CMC+SBR combination, and 
similar cycle lives were obtained with Acryl S020 and CMC+SBR combination 
whereas better results were obtained with Acryl S020 when high C-rates and 
low temperature (0 °C) were used. These results of Acryl S020 binder in Publi-
cations III and IV show promise as a potential new binder for different types of 
lithium ion battery electrodes.  
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