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Scope of this thesis 

Development of environmentally friendly and renewable energy sources is 
of great importance for a sustainable future. Fossil fuels and nuclear power 
are currently the dominating energy sources and will most likely continue to 
be so for the next generations. However, these power sources have 
drawbacks; the amount of fossil fuel available is finite and nuclear waste 
disposal involves well-known problems. There are also environmental 
concerns as to the use of fossil fuels, suggested as early as 1896 by 
Arrhenius. He introduced the idea that carbon dioxide from burning of fossil 
fuels raises the infrared opacity of the atmosphere and could cause global 
warming [1]. Today, as evidence of global warming accumulates [2], 
researchers from many fields focus on developing alternative energy sources 
and storage techniques, e.g., photoelectrochemical cells [3], fuel cells  [4] 
and batteries (in particular, lithium-ion batteries). The first two techniques 
produce energy, while batteries store energy. The major advantage of the 
lithium-ion battery is its high energy density compared to other types of 
battery. It is therefore, used successfully in portable electronics, e.g., cellular 
phones, laptops and camcorders. This thesis work has been conducted within 
the field of lithium-ion battery research. 

 
 
 
 
 

Figure 1. A commercial lithium-ion battery from a cellular phone purchased in 
2002. The label states that it should not be exposed to temperatures above 60 °C. 
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The upper temperature limit is 60 °C for most commercial lithium-ion 
batteries; see, for example, the label in Fig. 1. Reactions occurring at the 
anode/electrolyte interface [5] define this limit. These reactions also impair 
battery performance and can be a safety hazard. This is one of several 
challenges remaining in lithium-ion battery research. Others are the 
mechanisms underlying power fade, capacity loss and poor cyclability. 
These problems also tend to originate from the electrode/electrolyte 
interfaces. Reactions occurring at the interfaces in lithium-ion batteries are 
not yet fully understood, and tailoring of surface film properties has hardly 
begun. This thesis focuses on the surface chemistry of battery materials for 
improved safety and performance. The goals are to increase our 
understanding of the surface reactions involved and improve interface 
properties, in particular by:  

 
•  Investigation of the effect of electrolyte salt on the Solid Electrolyte 

Interphase (SEI) formed on a graphite anode and its influence on the 
thermally activated reactions (paper I). 

 
•  Modification of the SEI to improve the thermal stability of a 

graphite  anode interface (papers II, III). 
 
•  Modification of graphite material and its effect on surface chemistry 

and battery performance (papers IV, V). 
 
•  Characterisation of the SEI formed under accelerated conditions on 

anodes cycled vs. LiNi0.8Co0.15Al0.05O2 in 18650-cells from second 
generation batteries in the U.S. Department of Energy’s Advanced 
Technology Development Program (paper VI). 

 
•  Study of surface chemistry for carbon-coated LiFePO4 (paper VII). 

 
The majority of this research has been focused on the surface analysis of 
electrochemically cycled electrode materials. Surface analysis has been 
performed with Photoelectron Spectroscopy (PES) using both AlKα and 
synchrotron radiation (SR). Electrochemical characterisation has been 
performed mainly with galvanostatic cycling; thermal analysis of the cycled 
electrodes has been investigated with Differential Scanning Calorimetry 
(DSC). 
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1. Introduction 

1.1 The lithium-ion battery  
A battery consists of three components, viz. cathode, electrolyte and anode. 
In a lithium-ion battery, lithium ions are employed as “energy carriers” and 
move from the anode across the electrolyte to the cathode during battery 
discharge and vice versa as the battery is recharged. A schematic illustration 
of a lithium-ion battery is shown in Fig. 1.1. Lithium has several unique 
properties: it is light and has a large negative electrode potential (-3.04 vs. 
Standard Hydrogen Electrode), which gives the lithium-ion battery a high 
energy density and a high working voltage compared, for example, to a 
nickel-metal hydride battery. However, lithium metal reacts violently with 
air and moisture, which can make its use hazardous. Instead, materials that 
can host lithium ions in their structure are used as electrodes in lithium-ion 
batteries.  

 
 
 

Figure 1.1 Schematic illustration of a lithium-ion battery; modified from [6]. 
 

Insertion is a general term used to describe a reaction involving the transfer 
of a guest atom or ion into a crystal host, e.g., lithium ion insertion in an 
electrode material. Insertion that occurs without major structural 
modification of the host is also classified as intercalation, and the host as an 
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intercalation compound. Electrode materials (lithium insertion compounds) 
must combine high lithium-ion conductivity and electronic conductivity, and 
have a suitable structure to facilitate reversible insertion and extraction of 
lithium ions. Layered or network structures, in which lithium ions can 
diffuse and be stored between the layers or in the channels of the material, 
are commonly used as insertion compounds.  
 
Anode materials used are, for example, lithium metal, carbon-based 
materials, lithium alloys [7] and intermetallic [8] compounds. Carbon-based 
materials exhibit high lithium storage capacity and small volume expansion 
(~10%) upon lithium intercalation which, together with safety and economic 
factors make carbon-based anodes the commercially preferred anode 
materials of today. Graphite electrodes have been used in papers I-V. 
Commonly used cathode materials are transition metal oxides, e.g., LiCoO2 
and LiNi0.8Co0.15Al0.05O2, through their high redox potential for lithium 
insertion. However, it is desirable to replace cobalt, which is expensive and 
toxic. One competing material is the polyanionic compound LiFePO4; it is 
safer [9], more environmentally friendly and less expensive. The surface 
chemistry of carbon-treated LiFePO4 has been investigated in paper VII; 
LiNi0.8Co0.15Al0.05O2 has been used as cathode material in paper VI. The 
electrolyte can be a liquid, a gel or a polymer. The electrolyte must be a 
lithium-ion conductor and an electronic insulator to prevent short-circuiting 
of the battery. This work involves exclusively liquid electrolytes. Battery 
materials (in particular, the materials used in this thesis work), are described 
in more detail in Chapter 2. Recommended reviews on lithium and lithium-
ion batteries can be found in [10-13] and on electrolytes in [14]. 

1.1.2 SEI formation at the anode 
The voltage profile of the first discharge-charge cycle for a graphite anode 
cycled vs. lithium metal is shown in Fig. 1.2a. Lithium intercalation occurs 
at ~0.2-0.0 V (vs. Li/Li+) and is described in more detail in Chapter 2. The 
charge consumed in the ~0.8 V to 0.2 V range is due to reduction of 
electrolyte components at the electrode surface. This is commonly referred 
to as Solid Electrolyte Interphase (SEI) formation [15], and occurs since 
there are no known thermodynamically stable electrolytes at these potentials 
[16]. The process continues until the electrode surface is completely covered 
and the SEI thickness exceeds at least the tunnelling capability of electrons 
(a few tens of Ångströms) [15,17]. The conditions to which the battery is 
exposed govern the SEI thickness and properties; its thickness can vary from 
15 to 900 Å on the same electrode [18]. Formation of a stable SEI is crucial 
to battery performance; otherwise, continuous electrolyte reduction would 
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occur. The SEI is also important for the structural stability of graphite 
anodes; without it, there is a risk that solvent molecules co-intercalate, 
leading to destruction of the graphite structure (exfoliation) [10,19,20]. 
However, the charge consumed for SEI formation is irreversible and 
primarily responsible for the initial irreversible capacity loss (Cirr) of the 
battery. It is typically around 10-30% of the first-cycle capacity for a 
graphite anode, and depends, for example, on the graphite structure [21], 
surface area [22] and purity [23]. The SEI properties influence several 
important aspects of battery performance, e.g., safety, self discharge, power 
capability and performance at low and high temperatures [11,24]; they also 
determines the onset temperature for thermally acitivated reactions in the 
battery [5]. A stable SEI is therefore crucial to battery safety and 
performance. Both the anode material and the electrolyte components affect 
the SEI formation and its properties; see e.g. [24-27]. Reactions for various 
electrolyte components at electrode surfaces are described in Chapter 3. It is 
of great importance to increase our understanding of SEI formation and to 
control its properties to facilitate battery improvement; no electrochemical 
system is better than its interfaces. Graphite surface chemistry and SEI 
phenomena are investigated in papers I-III, V and VI.  

1.1.3 Surface film formation at the cathode 
The cathode/electrolyte interface has received less research attention than the 
anode side, although power fade has been shown to derive mainly from 
impedance increase on the cathode side  in some lithium-ion battery 
configurations [28,29], indicating the importance of the cathode interface. 
Furthermore, it controls the amount of heat generated in reactions occurring 
above ~170 °C [9]. The cathode/electrolyte interface is therefore also crucial 
to battery safety and performance. Interfacial chemistry and surface film 
formation are highly dependent on the cathode material; see e.g., [30-32, 
paper VI]. The first charge-discharge curve for LiFePO4 vs. lithium metal is 
shown in Fig. 1.2b. Lithium ion extraction occurs at the 3.5 V plateau. The 
potential increases rapidly towards the cut-off potential (4.1 V) as the last 
lithium ions are extracted from the structure. Several types of reaction 
involving electrode and electrolyte components can occur at the cathode 
interface (described in Chapter 3).  
 
In the cycling curves described above, the electrodes investigated are 
electrochemically cycled vs. lithium metal in so-called half-cells. As an 
illustration, the first-cycle curve for a lithium-ion battery consisting of 
<graphite | liquid electrolyte | LiFePO4> is shown in Fig. 1.2c. The potential 
is close to 0 V after cell assembly, but increases rapidly on charging and, 



6 

after SEI formation at ~2.5 V, the cell cycles at ~3.4 V. It can be noted that 
the cycling curve for battery (c) is related to the cycling curve for the half-
cells; it corresponds to curve (a) subtracted from curve (b). 

 
 

Figure 1.2 The voltage profile for the first cycle of (a) <graphite| liq. el. | lithium 
metal>, (b) <carbon-treated LiFePO4| liq. el. | lithium metal> and (c) <graphite| liq. 
el. | carbon-treated LiFePO4>. (c) by courtesy of [33].The liquid electrolyte is 1 M 
LiPF6 EC:DEC (2:1) in each case.  
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2. Battery materials for lithium-ion batteries 

2.1 Electrode materials  
This section describes the electrode materials relevant to this thesis. 
Extended reviews on electrode materials can be found, for example, in [10-
13], and a specific review on carbon anodes in [21]. 

2.1.1 Anode materials 
Carbon materials are preferred to lithium metal as anodes for safety reasons, 
since lithium reacts violently with air and water. Furthermore, redeposition 
of lithium can lead to dendrite formation during battery recharging in liquid 
electrolytes. The latter reduces cycling efficiency and can cause cell short-
circuit and thermal run-away (lithium melts at 180 °C). Carbonaceous 
materials exist in numerous modifications from non-graphitic (disordered) to 
graphitic (crystalline), e.g., soft and hard carbons, fibres, synthetic and 
natural graphites. These can all insert lithium ions reversibly, although the 
mechanisms differ [34]. The capacity and reversibility for lithium ion 
storage in carbon materials depend on structure and morphology. Graphitic 
carbon is used predominantly due to its high capacity and low, flat potential 
profile vs. lithium. Synthetic and natural graphite have been used in papers I-
V; the characteristics for graphite are presented below. 
 
Graphite has a layered structure with sp2-hybridised carbon atoms in 
covalently bonded hexagons. Weak van der Waals forces bind the planar 
graphene sheets together either in ABA… hexagonal (2H) stacking or in 
ABCA… rhombohedral (3R) stacking, see Fig. 2.1. Hexagonal graphite is 
thermodynamically the more stable phase, although the enthalpy difference 
between 2H and 3R is only ~0.6 kJmol-1; the two phases are therefore 
interconvertible by grinding (2H → 3R) or heating above 1025 °C 
(3R → 2H). The effect of repeated intercalation and deintercalation on the 
3R phase has been investigated in paper IV.  
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Figure 2.1 The structures of hexagonal (2H) and rhombohedral (3R) graphite.  
 
Graphite can accommodate a maximum of one lithium ion per six carbon 
atoms at ambient pressure, corresponding to a theoretical capacity of 
372 mAhg-1. Lithium ions enter the graphite structure via the edge planes 
(see Fig. 2.1) or through defects in the basal planes [35]. It is 
thermodynamically favourable for lithium ions to occupy one van der Waals 
gap before intercalating into an adjacent layer, since the energy needed to 
expand the van der Waals gap is larger than the coulombic repulsion 
between the lithium ions. Periodic occupancy of van der Waals gaps is 
commonly referred to as staging, where every n:th gap in a stage n phase is 
filled with lithium ions. The stage formation during intercalation is 
accompanied by changes in the packing sequence of the graphene layers; 
from ABA… (or ABCA)….to AAA…for stage I,  corresponding to LiC6 
[34,36].     

2.1.1 Cathode materials 
Layer-type transition metal oxides, e.g., LiCoO2, LiNiO2 and LiNixCoyO2, 
have been thoroughly investigated as cathode materials. LiCoO2 was the first 
commercially used cathode material in a lithium-ion battery together with a 
carbon anode [37] and still dominates. However, these materials exhibit 
drawbacks at higher levels of delithiation: LiCoO2 (and cobalt-rich           
Li1-xNi1-yCoyO2 phases) are prone to oxygen loss during reactions with the 
electrolyte [30,31,38], leading to an increase in electrode impedance [28,29]. 
LiNiO2 (and nickel-rich Li1-xNi1-yCoyO2 phases) suffer from structural 
instability, e.g., nickel ions migrate to lithium sites in the structure [39], 
leading to both reduced lithium diffusion and storage capacity. 
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Improving the stability of the cathode material is the key to solving these 
problems. One material that has shown improved stability is 
LiNi0.8Co0.15Al0.05O2 [28]. This is the cathode material used together with the 
anodes investigated here in second generation batteries within the U.S. 
Department of Energy’s Advanced Technology Development Program 
(paper VI).  
 
The cathode material LiFePO4 exhibits high stability [40,41]. Its thermal 
stability in the charged state exceeds that of layered transition metal oxides 
[9]. The main disadvantage of LiFePO4 is its low electronic conductivity, 
which limits the reversible capacity. This has recently been combated 
fruitfully by carbon-treatment of the particles [42-44], by addition of 
dispersed metal powders (e.g., Cu or Ag) during the synthesis [45], by 
doping with metals supervalent to Li+ (e.g., Nb5+) [46] and by the synthesis 
of nanocrystalline LiFePO4 [47]. Electrochemical cycling at higher 
temperatures also improves the reversible capacity [41].  
 

Figure 2.2 The olivine structure of LiFePO4, by courtesy of [48]. Edge-sharing 
PO4

3- tetrahedra and distorted FeO6 octahedra form channels for lithium ions (light 
grey). The octahedral coordination of the lithium ions is not shown for clarity.  

 
The olivine LiFePO4 structure can be described as a framework of corner-
sharing FeO6 octahedra and PO4

3-
 tetrahedral anions with lithium ions in 

edge-sharing chains of LiO6 octahedra (see Fig. 2.2). The reason for the low 
electronic conductivity can be found in the structure and how it changes 
during electrochemical cycling. Electron transfer can occur between edge-
sharing MO6 octahedra, and mixed-valent cations (e.g., Co4+/Co3+) facilitate 
the electronic conductivity in layered transition metal oxides. However, in 
LiFePO4, the FeO6 corner-sharing octahedra form no continuous FeO6 
network, and the FePO4 phase is formed directly on lithium extraction, i.e., 
no mixed-valent cation state exist [49].  
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Furthermore, polarisation of the oxygen atoms towards the phosphorus 
atoms in the polyanions (PO4

3-) causes a lowering of the covalent character 
of the Fe-O bonds by the inductive effect. This lowers the Fermi level for the 
Fe3+/Fe2+ redox couple, and thereby increases its potential to 3.5 V vs. Li/Li+. 
All this makes LiFePO4 a most interesting cathode material. The surface 
chemistry of carbon-treated LiFePO4 after electrochemical cycling is 
therefore investigated in paper VII. 

2.2 Non-aqueous electrolytes 
The choice of electrolyte is restricted to non-aqueous systems due to the 
strong reducing power of lithium and hence its violent reaction with water. 
Lithium-ion batteries operate in the voltage range 3.5-4.5 V vs. Li/Li+ [10], 
and occasionally even at higher potentials [50,51]. However, non-aqueous 
electrolytes are not thermodynamically stable at this potential range; 
electrolyte reduction will occur at the anode and electrolyte reactions can 
also occur at the cathode (see Chapter 3). This shows the importance of 
interfacial chemistry for electrochemical performance. This section describes 
the electrolytes used in this thesis. Extended reviews can be found, for 
example, in [11,13,14]. 

2.2.1 Liquid electrolytes  
 
Solvent mixtures of alkyl carbonates and a lithium salt are commonly used 
as electrolytes in lithium-ion batteries. Ethylene carbonate (EC), dimethyl 
carbonate (DMC), diethyl carbonate (DEC), ethylmethyl carbonate (EMC) 
and propylene carbonate (PC) are examples of the alkyl carbonates used. 
The molecular structures of the solvents are shown in Fig. 2.3. Due to 
unavoidable electrolyte reduction at the anode, solvents that form a complete 
and stable SEI must be used. EC has excellent SEI forming ability and is 
frequently used to facilitate lithium ion intercalation in graphite-based 
anodes. However, EC is a solid at ambient temperature (Tm=36.4 °C [52]) 
and must therefore be dissolved in another solvent, e.g., linear carbonates 
(DEC, DMC or EMC). PC, on the other hand, is a liquid at 20 °C and has a 
high dielectricity constant, but is unable to form a stable SEI on most 
graphite materials. Raw and jet-milled natural Swedish graphites have been 
found to behave differently with PC (see paper IV); this behaviour has been 
examined in more detail in paper V.  
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Figure 2.3 Molecular structures of electrolyte solvents used. 
 
Lithium hexafluorophosphate (LiPF6) is the commercially dominant salt 
used in lithium-ion batteries. It has good conductivity in a liquid electrolyte, 
a wide electrochemical stability window and low toxicity [14]. However, it 
decomposes easily, especially at higher temperatures, and is moisture 
sensitive; its reactions are described in Chapter 3. Other salt candidates are, 
for example, lithium tetrafluoroborate (LiBF4), lithium trifluoro-
methanesulfonate (LiCF3SO3), lithium bis(trifluoromethylsulfonyl)imide 
(LiN(SO2CF3)2) and lithium bis(oxalato)borate (LiB(C2O4)2). LiBF4 has an 
electrochemical window similar to that of LiPF6, but causes a lower onset 
temperature for thermally activated reactions at the anode/electrolyte 
interface [5,53,54]. LiCF3SO3 (LiTf) and LiN(SO2CF3)2 (LiTFSI) have bulky 
anions to minimise ion-pairing and thereby increase the conductivity. 
Practical usage is limited by the corrosion they cause at the aluminium 
cathode current collector. LiB(C2O4)2 (LiBOB) has recently been proposed 
as a potential substitute for LiPF6 [55], since it exhibits better thermal 
stability [56,57] and allows the use of PC with graphite [58]. The influence 
of LiTFSI, LiTf, LiBF4 and LiPF6 on SEI properties (particularly thermal 
stability) is investigated in paper I.  

The conductivity of non-aqueous electrolytes can be enhanced by using 
ligands, which coordinates the anions. This reduces ion-pairing and thereby 
increases both ion conductivity and lithium-ion transference number [59,60]. 
Fluorinated electron deficient borate or borane compounds have been shown 
to work well as anion receptors in electrolytes for lithium-ion batteries [60-
62], for example, by promoting the dissolution of LiF [63,64] and increasing 
the thermal stability of a LiPF6-based electrolyte [65]. The effect of the 
anion receptor tris(pentafluorophenyl)borane (TPFPB) on the 
electrochemical properties and thermal stability of the graphite 
anode/electrolyte interface is investigated in paper II. 
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2.2.2 Electrolyte additives  
Electrolyte additives are used to improve the electrochemical performance 
and safety of lithium-ion batteries. The positive effect of electrolyte 
additives is commonly assumed to be related to interface modification, 
although additive mechanisms are currently not well understood. No 
extensive reviews on electrolyte additives are available; summaries can be 
found in [66,67]. A few examples of functional additives are presented 
below. 
 
Ethylene sulfite (ES) [16,68] and vinylene carbonate (VC) [69,70] have 
attracted much research interest. Both have been shown to improve 
reversible capacity and cyclability, and to enable electrochemical cycling of 
graphite in PC.  

 
The use of additives can facilitate the tailoring of SEI properties, for 
example: CO2, SO2 and CS2 have been proposed to form predominantly 
inorganic SEI [71-75], whereas VC and 2-propenenitrile (AAN) would 
appear to form mainly an organic SEI [69,70,76,77]. However, the properties 
of the different types of SEI layer, e.g., thermal behaviour, ability to 
transport lithium ions and their contribution to cell impedance, etc. are not 
fully understood. The influence of four different additives on the thermal 
stability of the graphite/electrolyte interface is investigated in paper III.  
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3. Interface chemistry 

Techniques used to investigate the electrode/electrolyte interface chemistry 
of lithium-ion battery electrodes include: AFM [78-81], in situ ellipsometry 
[82], FTIR [27,83-86], Raman spectroscopy [87,88], NMR [89], XAS [90], 
TOFS-SIMS [91,92], XAFS [92], PES [24,93-96], gas chromatography  [97-
100] and DFT calculations [101-105]. Proposed interface reactions relevant 
to the electrochemical systems investigated in this thesis are presented 
below. 

3.1 Anodes 
A vast number of papers on electrolyte reactions and SEI formation on both 
lithium metal and carbonaceous anodes has been published since Peled 
introduced the concept of Solid Electrolyte Interphase (SEI) in 1979 [15]. 
Despite this, many questions remain before SEI properties can be controlled 
and tailored. This section presents suggested reactions and mechanisms for 
SEI formation and aging on carbon anodes. The reactions are summarised in 
Reaction Schemes I and II.  

 
Ethylene carbonate (EC) has excellent film-forming properties for 
carbonaceous anodes and ensures high reversible capacity. A lithium alkyl 
carbonate, (CH2OCO2Li)2, has been suggested, mainly on the basis of FTIR, 
to be the major EC reduction product. Ethylene, which is formed 
simultaneously, has been suggested to undergo partial polymerisation to 
hydrocarbons on the electrode surface [27]. One suggested mechanism for 
EC reduction is:  
 

Figure 3.1 A suggested reduction mechanism for EC [27].  
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Linear alkyl carbonates, e.g., dimethyl carbonate (DMC), ethyl methyl 
carbonate (EMC) and diethyl carbonate (DEC), have been shown to undergo 
both reduction and transesterification reactions during the initial charging of 
the battery (see Reaction Scheme I). The suggested major reduction products 
are Li-alkyl carbonates (ROCO2Li), together with alkoxides (ROLi) [67,85]. 
Transesterification reactions lead to an equilibrium between DMC, DEC and 
EMC, even if only one of the compounds is present in the initial electrolyte 
[106]. The linear alkyl carbonates have also been shown to undergo 
transesterification reactions with EC during the initial charging to form 
compounds like ROCO2CH2CH2O2COR, where R is -CH3 or -CH2CH3, 
depending on the linear carbonate used. These reactions occur in the 
electrolyte and are proposed to be initiated by alkoxides (ROLi) [106,107].  

 
Polymeric SEI compounds have been proposed based on TOFS-SIMS [91], 
FTIR [108] and PES [26,53]. EC is known to be able to polymerise and form 
poly(ethylene oxide) or poly(ethylene oxide -co-carbonate) [109-111]. Both 
salt anions (e.g., PF6

-) [53,112] and alkoxide anions (RO-) [111] are possible 
polymerisation initiators.  
 
Propylene carbonate (PC) has been suggested to be reduced in a similar way 
as EC and mainly form LiOCO2CH(CH3)CH2OCO2Li [84]. This compound 
comprises an additional methyl group compared to the EC reduction product, 
proposed to cause the different electrochemical behaviour of PC and EC 
during lithium intercalation in graphite (see section 2.2.1) by preventing 
adhesion of the PC reduction product to the graphite surface [113].  
 
Reaction Scheme I: Solvent reactions [27,83-85,106,107] 
 
EC: 2(CH2O)2CO + 2e- + 2Li+ → (CH2OCO2Li)2 + CH2=CH2(g)                      (3.1) 
 
PC: 2CH3CHOCO2CH2 + 2e- + 2Li+ →  
                                     LiOCO2CH(CH3)CH2OCO2Li + CH3CH=CH2(g)      (3.2) 
 
DMC: CH3CH2OCO2CH2CH3 + 2e- + Li+ → CH3CH2OCO- + CH3CH2OLi       (3.3) 
 
DMC: CH3CH2OCO2CH2CH3 + 2e- + Li+ → CH3CH2OCO2Li + CH3CH2

-         (3.4) 
 
2EMC ↔ DMC + DEC                                                                               (3.5) 
 
DMC / DEC / EMC + EC → ROCO2CH2CH2O2COR (R=-CH3 or -CH2CH3)  (3.6) 
 
Most electrolyte salts undergo reactions and participate in the SEI formation. 
Salts like LiPF6 and LiBF4 contain unavoidable HF impurities which are 
highly reactive. The anion plays an important rôle in salt reactions, as can be 
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seen in the salt reactions in Reaction Scheme II. From a battery performance 
point of view, LiF is unwanted as a surface compound because of its poor 
ability to transport lithium ions.  
 
Reaction Scheme II: Salt reactions [14,114,115] 
 
Salt decompositions: 
LiPF6 → LiF + PF5(g)                                 (3.7) 
LiBF4 → LiF + BF3(g)                                (3.8) 
 
Electrochemical reactions:    
LiBF4 + ne- + nLi+ → LiF + LixBFy              (3.9) 
LiPF6 + ne- + nLi+ → LiF + LixPFy             (3.10) 
PF5 + 2xLi+ + 2xe- → LixPF5-x + xLiF        (3.11) 
 
Reactions with impurities: 
H2O + LiPF6 → LiF + POF3 + 2HF           (3.12) 
H2O + LiBF4 → LiF + BOF + 2HF            (3.13) 
POF3 + 2xLi+ + 2xe- → LixPF3-xO + xLiF   (3.14) 
HF + ROCO2Li → LiF + ROCO2H            (3.15) 
 
These salt reactions impair electrochemical performance, and attempts to 
minimise them include the use of anion receptors and electrolyte additives. 
Understanding of the surface chemistry of using anion receptors is currently 
very limited. The anion receptor tris(pentafluorophenyl)borane (TPFPB) has 
been shown to suppress the thermal decomposition of LiPF6-based 
electrolytes and promote the stability of the SEI layer at 50 °C [65,116]. 
Thermal and surface characterisation of graphite anodes electrochemically 
cycled with TPFPB is explored in paper II.  
 
Electrolyte additives that react to form an electrode surface film (SEI 
precursors) can also reduce salt reactions [117]. VC has been shown to 
achieve a stable SEI and also to reduce the amount of salt compounds 
[69,70, papers III,V]. The mechanisms involved here are currently not fully 
understood. FTIR [70], DFT-calculations [118] and the reduced gas 
evolution during cycling  [69] suggest that the double bond remains intact, 
and suggested that reaction products involve Li-vinylene dicarbonate 
(CHOCO2Li)2, Li-alkyl dicarbonates (CH=CHOCO2Li)2 and LiO2CO-
CH=CHCHCH3CH2OCO2Li, and possibly oligmers containing repeated 
CH=CH- units formed by polymerisation of the other reduction products 
[70,118]. 
 
The SEI formed is sensitive to aging and temperature variations, which can 
lead to permanent transformations in composition and properties. For 
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example, the EC reduction products (Li-alkyl carbonates) are unstable and 
have been shown to decompose to lithium carbonate on heating, according to 
[53,119, paper I]: 
 
(CH2OCO2Li)2 → Li2CO3 ↓ + CO2(g) + C2H4(g) + ½O2(g)              (3.16) 
 
Furthermore, surface characterisation of anodes cycled vs. transition metal 
oxides in 18650-type cells has shown that Li-alkyl carbonates are not 
detected [98,120, paper VI]. This indicates that, although (CH2CH2OCO2Li)2 
is thermodynamically the most favourable EC reduction product [102], these 
compounds are not stable in the battery with a LiPF6-based electrolyte. 
Instead, LiF or lithium salts from solvent reductions, have been suggested as 
the main surface compounds. The latter are suggested as being lithium 
carboxylates, e.g., Li-formate, Li-acetate and Li-propionate. Reaction 
mechanisms for these compounds are discussed in paper VI. 

3.2 Cathodes 
 
Less research effort has so far been focused on characterisation of the 
cathode surface, although it is equally important. For example, studies have 
shown that cell impedance originates mainly from the transition-metal oxide 
cathode [28,29,121] in a battery with a graphite anode. The reason for this is 
not currenly well understood; both surface film formation [30,31,122,123] 
and loss of conductive carbon at the cathode surface [124] have been 
suggested. This chapter focuses on proposed surface-film formation 
reactions on the cathode. To separate the cathode and anode interfaces, the 
term surface film is used in this thesis to describe the surface species at the 
cathode/electrolyte interface. 
 
Several types of reaction have been proposed to occur at the 
cathode/electrolyte interface:  
 
1. Self-discharge (spontaneous lithium-ion insertion) together with 
electrolyte oxidation, observed for LiMn2O4 and LiMO2 (M= Ni and/or Co) 
[31,125,126].  

 
2. Nucleophilic reactions between LiMO2 (M=Ni and/or Co) and solvent 
molecules, forming Li-alkyl carbonates, or possibly causing simultaneous 
polymerisation of EC as lithium is extracted from the cathode [30,122].  
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3. Replacement of the lithium carbonate (Li2CO3) found on pristine LiNiO2 
and LiNi0.8Co0.2O2 cathodes by Li-alkyl carbonates, polycarbonates and the 
products of salt reactions on contact with the electrolyte [30,31]. 
 
4. Structural changes of the cathode material at the particle surface, e.g., 
dissolution of the transition metal (corrosion), have been observed at 
surfaces of both LiCoO2 [122,125] and LiMn2O4 [125]. The latter occurs in 
the lithiated state through disproportionation of Mn3+ [127]. This can lead to 
both poisoning of the anode and formation of electrochemically inactive 
phases on the cathode surface. Reactions involving oxygen loss and 
reduction of the transition metal in contact with the electrolyte have been 
suggested for LiNi0.8Co0.2O2 [123].   

 
5. Layered transition metal oxides are also strongly oxidising at highly 
delithiated states, e.g., Li1-xCoO2 for x>0.5 can undergo oxygen loss and 
oxidative decomposition of the electrolyte [11,128]. This is the reason why 
not all lithium is extracted from LiCoO2 [10].  
 
6. Formation of toxic fluoro-organic compounds from EC and LiPF6 in 
contact with LixMO2 (M=Co, Ni or Mn) during heating at 240 °C has 
recently been reported by Armand et al. [129].  
 
Electrolyte oxidation is also feasible during electrochemical cycling; 
electrolyte solvents are more sensitive to oxidation than the salts [130]. The 
onset potential for the oxidation of electrolyte solvents on noble metal 
electrodes is below 4 V. However, evidence for pronounced electrolyte 
oxidation is lacking on cathode materials, suggesting that electrolyte 
oxidation is inhibited by surface-film formation [30,130].  
 
Furthermore, recent results indicate that PEO decomposes on electrodes at 
~3.8 V vs. Li/Li+ [131], indicating that PEO is not a stable surface-film 
component on cathodes in lithium-ion batteries operating above 3.8 V.  
 
To summarise: reactions occurring at the electrode/electrolyte interfaces are 
responsible for the surface compounds found on both anodes and cathodes. 
The reactions presented here illustrate the complex chemistry of these 
important electrode interface phenomena.  
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4. Methods 

4.1 Sample preparation 
Electrodes were prepared by mixing the active material with carbon black 
and a binder material in an excess of solvent. The mixtures were spread on 
copper or aluminium current collectors for anodes and cathodes, 
respectively. The active materials used were KS6 synthetic graphite 
(Timcal), Swedish natural graphite (Tricorona Mineral), carbon-treated 
LiFePO4 and MAG-10 graphite (Hitachi Chemical). The MAG-10 electrodes 
were supplied by Qualion Corp. Two types of binder material were used: 
ethylene propylene diene terpolymer (EPDM) and polyvinylidene difluoride 
(PVdF). PVdF is the commonly used binder material and is here used with 
MAG-10 (paper VI). However, for surface characterisation using PES, 
fluorine free EPDM is preferred, since it allows the detection of salt species 
like LiPF6 and LiF (in F1s spectra) without superposition from the C-F 
group in PVdF. EPDM was therefore used with the other active materials 
(papers I-V,VII). 
 
The electrodes were dried under reduced pressure at 120 °C for at least 8 h 
prior to cell assembly inside a Ar(g)-filled glove-box (<5 ppm O2, <1 ppm 
H2O). Batteries comprising the investigated electrode, a glass fibre separator 
soaked in electrolyte, and a lithium-metal counter electrode were assembled 
and packed in a polymer-coated aluminium envelope (“coffee-bag”) [132]. 
This was used in papers I-V,VII. The batteries tested in paper VI were 
~1 Ah capacity 18650-type cells fabricated by Qualion Corp., with a 
LiNi0.8Co0.15Al0.05O2-based cathode and a Mag-10 graphite-based anode.  
 
For surface characterisation and thermal analysis, the electrochemically 
cycled electrodes (described below) were disassembled in the Ar(g)-filled 
glove-box. Pieces of the electrodes were transported in Ar(g) atmosphere, 
using specially designed sample holders (for surface characterisation) and 
sample crucibles (for thermal analysis). Transport to the analyse chamber 
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without exposure to air and moisture is crucial, since a majority of the SEI 
and surface film species react rapidly on contact with O2, CO2 and H2O.  

4.2 Electrochemical testing 
Galvanostatic cycling has mainly been used during this work (papers I-
V,VII), i.e., a constant current was applied to the cell and the potential was 
monitored. The applied current (I) was calculated from the active electrode 
mass (m), theoretical capacity of the investigated electrode material (cap), 
and the time selected for charge or discharge of the cell (t), according to:  

t
mcapI ×

=                  (4.1) 

The discharge and charge rates corresponding to t hours discharge or charge 
time are commonly referred to as C/t. To monitor the rate capability of 
electrode materials, the capacities obtained at different rates, i.e., different 
values of t, can be compared (paper IV).  
 
The anodes investigated in paper VI were tested prior to, between and after 
potentiostat-controlled storage at 3.72 V and 55 °C. This was done to 
accelerate degradation mechanisms that produce capacity and power fade. 
Characterisation included C/1 and C/25 capacity measurements, AC 
impedance measurements and hybrid pulse power characterization (HPPC) 
tests. After satisfying the preset end-of-test criteria based on power fade, 
electrodes were investigated by PES. 

4.3 Photoelectron Spectroscopy (PES) 
Photoelectron Spectroscopy (PES) utilising two different excitation sources: 
synchrotron radiation (SR) (papers III,V, VII) and AlKα radiation (papers I-
III,V-VII), have been used in this work. The latter is also commonly 
referred to as X-ray Photoelectron Spectroscopy (XPS). Experiments using 
SR were performed at beam line I411 of the Swedish National Synchrotron 
Radiation Laboratory MAX in Lund [133].  
 
In PES, the sample is placed in vacuum and irradiated by photons with a 
specific energy (hν). Photoelectrons are emitted if the photons have energies 
larger than the binding energy of the electrons (EB) (Fig. 4.1).  
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Figure 4.1 The principle of Photoelectron Spectroscopy (PES). 
 
EB for the electrons is calculated from the measured kinetic energy (Ek) of 
the photoelectron emitted from the sample after correction for the work 
function (Φ), according to Eq. 4.2; Φ is used for solid samples to account for 
the energy required to remove the photoelectron from the surface or, more 
precisely, the potential difference between the vacuum level of the 
spectrometer and the Fermi level of the sample (see Fig. 4.1):  
 

                  (4.2) 

Photons penetrate relatively easily into solids without energy loss, while 
electrons are significantly less penetrating. For example, AlKα-excited 
photons (1486.5 eV) penetrate more than 1000 nm into the sample and cause 
the ejection of photoelectrons, while photoelectrons travel only ~10 nm. 
Only photoelectrons from the outermost surface layer will therefore reach 
the detector without energy loss, and give rise to a photoemission peak. This 
is the origin of the surface sensitivity of PES.  

 
The binding energy of an emitted photoelectron is equal to the energy 
difference between the (n-1)-electron final state and the n-electron initial 
state of the system. Different oxidation states and chemical surroundings of 
an element will inflict changes in the initial states and thus also in the 
measured binding energies (assuming that all final-state effects are of similar 
magnitude). Generally, this implies that, if more electronegative atoms are 
bound to an atom, its electron density is transferred towards the 
electronegative element and the atom becomes slightly positively charged, 
resulting in an increased binding energy.  
 
Besides the elastic photoemission, several simultaneous processes may occur 
in the system, e.g., the emitted photoelectron can also lose part of its kinetic 
energy, giving rise to satellite peaks at binding energies higher than the main 
photoelectron peak. For instance, valence electrons can be excited to an 

Φ−−= EhE kB ν
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unoccupied higher energy level (e.g., π → π* transition in aromatic and 
unsaturated organic systems). This causes a specific kinetic energy loss for 
the photoelectron and gives rise to a small peak (a shake-up) at higher 
binding energies. Moreover, the energy released as a consequence of 
reorganisation in the system can be sufficient to cause emission of 
fluorescence and electrons from a higher energy level (Auger electrons). The 
latter gives rise to additional structures in the PES spectra. 
 
In a homogeneous sample, the number of electrons emitted from an element 
is related to its concentration. The relative atomic fraction for a specific 
element (C) can be obtained from the measured peak areas (I) after 
correction for the atomic sensitivity factor (S), which depends on elemental 
factors such as the cross-section for the atomic orbital that the electron 
leaves and the inelastic mean free path of the photoelectrons in the sample, 
together with instrumental factors according to Eq. 4.3, where n is the 
number of atoms of the element per cm3 of sample [134]. The inelastic mean 
free path is the average distance that an electron with a given energy travels 
between successive inelastic collisions: 
 
                   (4.3) 

This equation was employed in paper II as in [18,31,32,53,93,95,126].  
 

Depth profiling has been performed by Ar+ ion sputtering together with 
AlKα-based PES or by varying the photon energy using SR-based PES. Ar+ 
ion sputtering and the successive recording of spectra allows depth profiling 
from the outermost surface (the electrolyte side of the SEI) to the electrode 
(substrate). However, this technique is sample destructive, since the surface 
species are removed, and it can also cause changes in the surface 
composition due to sputter-induced reactions [24]. Ar+ ion sputtering was 
used in papers I-III and V.  
 
Depth profiling can also be achieved by varying the excitation energy (using 
SR), since this varies the kinetic energy of the photoelectrons emitted from 
the sample and thus the surface sensitivity. This allows a non-destructive and 
more surface-sensitive depth profiling compared to Ar+ ion sputtering; it was 
exploited in papers III, V and VI. 
 
SR also allows the detection of the elements investigated with the same 
surface sensitivity, by selecting photon energies such that all detected 
photoelectrons have the same kinetic energy. This gives information useful 
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for peak assignment and can also allow for a relative quantification of 
surface species (after spectral normalisation). This was done in paper VII. 

 
Peak assignments are based on reference measurements and references cited 
in the papers. PES reference measurements on electrolyte components and 
possible surface compounds have been conducted with the investigated 
electrodes as substrate. This is an attempt to take account of potential effects 
of energy level alignments and band bending at the electrode/electrolyte 
interface [135]. 

4.4 Differential Scanning Calorimetry (DSC) 
Differential Scanning Calorimetry (DSC) is useful for the investigation of 
thermally activated reactions and phase transformations. In the experiment, 
sample temperature and enthalpy change on heating or cooling are measured 
vs. a reference [136]. In this thesis, DSC has been used to determine the 
types of reaction occurring (exothermic or endothermic) and the onset 
temperatures for thermally activated reactions for battery materials. This was 
done in papers I-III, where further experimental details are provided. 
 
The thermal stability of battery materials can be viewed from different 
perspectives. In this work, the thermal stability is defined by the onset 
temperature for the first reaction occurring on heating, since this temperature 
will determine the upper limit of the usable temperature range for the 
battery. However, thermal stability also comprises enthalpy changes and the 
net enthalpy change is also important for battery safety. However, the 
enthalpy changes in DSC are highly sensitive to the mass ratio of electrolyte 
to electrode [137]. In practice, it is difficult to reproduce the same ratio for 
different samples; enthalpy changes are therefore not cited.  

4.5 Other techniques 
This thesis work also involves the less frequent use of other techniques; 
these are not described here. The interested reader is directed, for example, 
to the following references: X-ray diffraction (XRD) (paper IV) [138], 
Scanning Electron Microscopy (SEM) (papers IV,VI) [139], Raman 
Spectroscopy (papers II,IV) [140] and Transmission Electron Microscopy 
(TEM) [141] (paper V). 
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5. Surface chemistry of graphite anodes 

5.1 Thermally activated reactions at the 
graphite/electrolyte interface 
 
The onset temperature for thermally activated reactions in today’s lithium-
ion batteries is determined by reactions occurring at the carbon 
anode/electrolyte interface [5], i.e., reactions involving the anode material, 
the SEI components and the electrolyte. These reactions have a lower onset 
temperature than thermally activated reactions for uncycled electrodes 
together with electrolyte as demonstrated in paper I and in agreement with 
refs. [5,119,142,143]. This shows that the SEI plays an important rôle in the 
thermal behaviour of the anode. SEI formation depends both on the anode 
material and the electrolyte components [25,26,91], indicating that SEI 
properties can be improved by modification of either the electrode or the 
electrolyte. 

5.1.1 The effect of the salt anion  
The effect of the electrolyte salt on the thermal behaviour of KS6 graphite 
anodes is investigated in paper I. The salts investigated are LiBF4, LiPF6, 
LiCF3SO3 (LiTf) and LiN(SO2CF3)2 (LiTFSI).  
 
The thermal analysis was performed using DSC on anodes electrochemically 
cycled to different degrees of lithiation. The DSC traces for the cycled 
electrodes show exothermic peaks in the temperature range 60-200 °C, as 
seen in Fig. 5.1. These peaks originate from decomposition of the SEI and 
reactions involving intercalated lithium, since they are not observed for fresh 
graphite anodes together with electrolyte. For the deintercalated electrodes, 
the exothermic reaction involves exclusively thermally activated reactions 
between the anode and the SEI, and is thus attributed to SEI decomposition. 
The onset temperatures for the exothermic reaction depend on the salt used 
and increase in the order: LiBF4 < LiPF6 < LiTf < LiTFSI. 
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Figure 5.1 DSC traces for electrochemically lithiated graphite with the 
electrolyte containing EC:DMC (2:1) and 1 M of: (a) LiTFSI 
(LiN(SO2CF3)2), (b) LiTf (LiCF3SO3), (c) LiBF4 and (d) LiPF6. The 
onset intervals for the exothermic reactions are: (a) LiTFSI 125-135 °C, 
(b) LiTF 110-120 °C, (c) LiBF4 60-80 °C and  (d) LiPF6 80-100 °C. 

 
DSC traces for intercalated electrodes show additional exothermic peaks 
above the SEI decomposition peak. These new peaks are associated with 
reactions involving intercalated lithium, since their magnitudes increase with 
lithium content and all lithium was observed to deintercalate during storage 
at 200 °C. The observed difference in onset temperatures and DSC curve 
features for electrodes cycled with different salts indicates that different 
thermally activated reactions occur. The most prominent difference in the 
DSC features is the detection of EC boiling for the LiBF4- and LiPF6-
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systems; this is not observed for the LiTf- and LiTFSI-systems, where all EC 
is consumed in reactions prior to 250 °C.  
 
Surface characterisation using AlKα-based PES was used to identify surface 
species prior to and after the exothermic reactions, to help explain the 
different thermal behaviour of the electrodes. The C1s and F1s spectra 
illustrate the different surface chemistries of the electrolyte systems 
investigated (Fig. 5.2). The dominant solvent reduction products are 
different for the electrodes prior to heat treatment. The contribution from Li-
alkyl carbonates (ROCO2Li) relative to the graphite peak is significantly 
larger for LiTf and LiTFSI compared to LiBF4 and LiPF6. For the latter two 
salts, the polymeric hydrocarbon peak dominates. EC has been suggested to 
polymerise in lithium-ion batteries [26,53,91,108]; although the 
polymerisation mechanisms are not clear, these results show that they are 
salt dependent.  
 
Salt reaction products (e.g., LiF) were observed on all electrode surfaces. 
The relative amount of salt species is higher for the electrode cycled with 
LiBF4 and LiPF6 compared to the other two salts. This further indicates the 
existence of two types of SEI layer. 

 
The exothermic reaction products were investigated on electrodes heat-
treated at 200 °C (Fig. 5.2 top and middle spectra). A poly(ethylene oxide), 
PEO, type compound dominates the electrolyte side of the SEI after heat-
treatment of the LiTf- and LiTFSI-systems. The SEI layer hence plays an 
important rôle in the polymerisation reactions, since PEO was not found on 
uncycled electrodes heat-treated with electrolyte [24]. Lithium carbonate 
(Li2CO3), identified by the carbonate peak, and a surplus of lithium was 
detected on the electrode after rinsing in DMC. This is evidence for the 
decomposition of Li-alkyl carbonates to Li2CO3, as suggested in reaction 
(3.16).  
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Figure 5.2 C1s and F1s AlKα-excited PES spectra from electrodes 
electrochemically cycled with LiTf (LiCF3SO3), LiTFSI (LiN(SO2CF3)2), LiBF4 
and LiPF6: deintercalated electrodes (bottom), intercalated electrodes stored at 
200 °C (middle) and intercalated electrodes stored at 200 °C and rinsed in DMC 
(top). 
 
LiF is the dominant surface compound after heat-treatment of the LiBF4- and 
LiPF6-systems. Hydrocarbons, a small amount of PEO-type compounds and 
the exposed graphite surface are also detected. The PEO compound is almost 
completely removed by DMC rinsing. Interestingly, neither Li2CO3 nor 
LiBF4 are observed before or after rinsing, showing that the electrolyte salt 
has decomposed completely and that Li2CO3 has also reacted. Detailed 
reactions for these processes are discussed in paper I.  
 
In summary, surface characterisation shows that the systems investigated can 
be divided into two groups based on onset temperature and SEI chemistry. 
The SEI layers for the LiTf- and LiTFSI-systems are dominated by solvent-
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reduction products (mainly assigned to Li-alkyl carbonates) and exhibit 
higher thermal stability compared to the other systems studied. The SEI 
layers for the LiBF4- and LiPF6-system are characterised by larger amounts 
of salt-reaction products and polymeric hydrocarbons; they also exhibit low 
thermal stability. 

 

5.1.2 Electrolyte modification to enhance the thermal stability of 
the graphite/electrode interface 
One of the objectives of this work has been to improve the thermal stability 
of the anode/electrolyte interface by modifying the electrolyte. The thermal 
stability is also here defined as the onset temperature for the first thermally 
activated reaction. Electrolyte modification is accomplished by introducing 
electrolyte additives to change the interface chemistry. The word additive is 
here used for compounds added to the electrolyte to modify the interface 
chemistry, regardless of the amount used. 
 
The salt selected for these investigations was LiBF4, since it exhibits low 
thermal stability and poor cyclability (especially at higher temperatures) 
[53,paper I]; it is also cheaper than the commercially used LiPF6.  
 
The strategy used in selecting of electrolyte additives leads to division of the 
additives into three categories, based on their intended function:  

 
1.  Additives which prevent unwanted reactions; mainly salt reactions.  
2.  Additives which serve as SEI precursors, i.e., are reduced at the  

electrode surface prior to reaction of the other electrolyte 
components.  

3.  Additives which dissolve unwanted reduction products, e.g., LiF.  
 
The effect of anion receptors (category 1) was investigated in paper II and 
additives were selected from categories 2 and 3 for paper III (see Fig. 5.3 for 
the molecular structures of the investigated additives studied); the results are 
summarised below.  
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      (a) (b)    (c)    (d)     (e) 
Figure 5.3 Molecular structures of the investigated electrolyte additives studied:  
(a) tris(pentafluorophenyl)borane (TPFPB), (b) ethyltriacetoxysilane (ETAS),  
(c) 1,3-benzoldioxole (BDO), (d) tetra(ethylene glycol)dimethylether (TEGME) and 
(e) vinylene carbonate (VC). 

 

5.1.2.1 The effect of an anion receptor  
The use of anion receptors is intended to promote the formation of 
complexes with anions, and thereby inhibit their reactions during 
electrochemical cycling. The effect of the boron-based anion receptor 
tris(pentafluorophenyl)borane (TPFPB) (Fig. 5.3a) on the electrochemical 
performance and thermal stability of the graphite anode interface is 
investigated in paper II.  

 
Addition of 0.2 M TPFPB to a 0.8 M LiBF4 EC:DEC (2:1) electrolyte 
significantly improves the electrode cyclability: the capacity decline is 0.3% 
with 0.2 M TPFPB and 9% for cells lacking TPFPB in going from cycle 4 to 
25. Long-term electrochemical stability and maintained cycling performance 
after storage at 50 °C for carbon electrodes cycled with TPFPB have been 
demonstrated by McBreen et al. [116]. 
 
DSC analysis showed that the onset temperature for the first exothermically 
initiated reaction is increased from ~80 °C, to ~150 °C. Furthermore, no EC 
boiling was observed for the electrode cycled with TPFPB, analogous to 
findings for electrodes cycled in LiTFSI and LiTf and contrary to findings 
for electrodes cycled in LiBF4 and LiPF6 without TPFPB. This indicates that 
the SEI decomposition mechanisms occurring when TPFPB is used are 
similar to those for electrodes cycled in LiTFSI or LiTf.  
 
The AlKα-based PES analysis showed that the SEI formed on the electrode 
with 0.2 M TPFPB is significantly different from the SEI on the electrode 
lacking TPFPB (Fig. 5.4).  
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Figure 5.4 C1s and F1s PES spectra obtained with AlKα-excitation for graphite 
electrodes electrochemically cycled in cells with 0.2 M TPFPB (top) and lacking 
TPFPB (bottom). 
 
A strong C-F peak from TPFPB or its reaction products indicates that it 
participates in SEI formation. This is further supported by the observation 
that TPFPB added directly on an uncycled graphite electrode evaporates 
under UHV conditions. The F1s spectra show that less LiF is formed on the 
electrode cycled with 0.2 M TPFPB than on the electrode lacking TPFPB. 
This implies that TPFPB forms a complex with F- ions prior to LiF 
formation, which can be expressed schematically as: 
 

LiBF4(sol)   +   TPFPB(sol)   ⇔   Li+   + TPFPBF-   + BF3↑       (5.1) 
 
The concentration of TPFPB in the electrolyte is important; equal amounts 
of salt and TPFPB lead to poor thermal and electrochemical performance. 
The enhanced thermal stability of the anode cycled in 0.2 M TPFPB can thus 
be explained by a reduced amount of LiF and a simultaneous increased 
amount of solvent reduction products, in agreement with paper I. Papers I 
and II combined suggest that solvent reduction products have a higher onset 
temperature if they are located on the graphite surface and not in contact 
with salt compounds. 

5.1.2.2 Use of SEI precursors 
Electrolyte additives, primarily intended to serve as SEI precursors but also 
to increase the onset temperature for SEI decomposition are investigated in 
paper III. The selected additives are: 1,3-benzoldioxole (BDO), vinylene 
carbonate (VC), tetra(ethylene glycol)dimethylether (TEGME) and 
ethyltriacetoxysilane (ETAS) (Fig. 5.3b-e). BDO and VC are intended to 
function as SEI precursors (category 1) [69,70,144]. TEGME can 
suggestively also serve as SEI precursor, since it has been shown to faciliate 
the use of PC with graphite [145]. Furthermore, TEGME has a molecular 
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structure appropriate for good adhesion and thermally stability [113]. ETAS, 
on the other hand, has been suggested to dissolve LiF [146] (category 3) and 
is also included in the study.  
 
The results from thermal and electrochemical testing of the graphite anodes 
cycled with 1 M LiBF4 EC:DEC (2:1) and with the different additives are 
shown in Table 5.1.  
 
Table 5.1 Summary of results from thermal and electrochemical testing of the 
graphite anodes studied.   

 
Additive 

 

Onset 
temperature 

 
[°C] 

Columbic 
efficiency 
25th cycle 

[%] 

Capacity 
decline from 
cycle 4 to 25 

[%] 

Irreversible 
capacity 
1st cycle 

[%] 
no additive 
(reference) 71 98.5 9.4 31 

TEGME 76 97.4 37 57 

BDO 86 98.4 12 32 

ETAS 93 98.7 6.6 39 

VC 110 99.7 5.3 36 

 
The onset temperature for the exothermic reactions increases for all additives 
in the order: ref<TEGME<BDO<ETAS<VC. The electrode cycled in VC 
exhibits the highest onset temperature (110 °C), which is ~40 °C higher than 
that for the electrode cycled without an additive. All electrodes cycled with 
an additive have larger irreversible capacities than electrodes cycled with no 
additive, indicating that the SEI formed in the presence of additives consists 
of more reduction products. Based on these results, the additives ETAS and 
VC seem to be the most interesting for lithium-ion battery applications. 
 
The electrode surfaces were investigated by AlKα- and SR-based PES to 
explain their different electrochemical and thermal behaviours. The surface 
chemistry of the electrodes studied is found to be significantly different; all 
additives have reacted during the electrochemical cycling. The C1s and F1s 
spectra recorded with AlKα-based PES are shown in Fig. 5.5.  
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Figure 5.5 C1s and F1s spectra obtained by AlKα-based PES from the investigated 
electrodes. The peak labelled x in the C1s spectra is assigned to the Li-carboxylate 
group RC(=O)Li with a possible contribution from a CH2-group adjacent to a 
carbonate in the Li-alkyl carbonate RCH2OCO2Li. 
 
The graphite peak is not detected for the electrodes cycled with ETAS and 
VC, indicating that the electrodes exhibiting the highest onset temperatures 
in this study also have the thickest SEI layers. The C1s spectra from these 
electrodes also have the most intense polycarbonate peak. The relative 
amount of LiF increases in the order: VC<BDO<TEGME<ETAS≈reference 
electrode. VC is also shown to reduce the amount of LiF and salt compounds 
in the SEI with LiPF6 in PC:VC (95:5) (paper V). 
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The PES features associated with high onset temperatures for thermally 
activated reactions are: (1) no discernible graphite peak, (2) small amount of 
salt species of type LiF and LixBFyOz, and (3) larger amounts of organic 
compounds, preferably with high oxygen content, especially polycarbonates.  

 
Depth profiling using SR-PES reproduced the relative trend in LiF content 
and showed that the amount of LiF increases towards the electrode surface 
and that the SEI layers completely cover the investigated electrode surfaces. 
The C1s and F1s spectra from the electrode cycled with BDO exemplify this 
in Fig. 5.6; these are recorded at various photon energies, i.e. at different 
depths.   

 
 

Figure 5.6 Depth profiling using SR-excited PES at the C1s and F1s energy levels 
for the electrode electrochemically cycled with BDO. 
 
To summarise: the selection criterion for additives VC and BDO seems to be 
fulfilled. These additives serve as SEI precursors, thus reducing the amount 
of salt species and thereby improving the thermal stability of the SEI layer. 
The selection criteria used for ETAS and TEGME were unsuccessful 
however; ETAS does not influence the amount of LiF as intended, although 
it seems to contribute favourably to SEI formation and significantly 
increases the onset temperature. TEGME contributes to the SEI, but the cost 
in irreversible capacity is not acceptable, and its effect on the onset 
temperature for the thermally activated reactions is minor. More detailed 
reactions are discussed in paper III. 
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5.2 Swedish natural graphite as anode material 

5.2.1 The effect of jet-milling on Swedish natural graphite as 
anode material 
From an economic view point, natural graphite is the preferred anode 
material to other types of carbon-based material. Previously, natural graphite 
from, for example, Brazil and China has been evaluated as anode material 
[147,148]. Swedish natural graphite (from the Woxna mine outside Edsbyn 
in Hälsingland) is investigated in papers IV and V.  
 
Several properties, e.g., crystallinity, crystallite size, particle size, 
morphology, surface area, porosity, impurities and surface chemistry, 
influence the electrochemical performance of carbon-based anodes [21,149]. 
Optimisation of electrochemical performance is often a compromise; e.g., 
small particles give higher rate capabilities but also higher irreversible 
capacities than larger particles.  These properties can be modified, for 
example, by the choice of carbon material and preparation technique. Ball- 
and jet-milling have been shown to improve the deintercalation capacity of 
graphite materials [147]. The effect of jet-milling on the rate capability and 
surface chemistry of Swedish natural graphite is addressed in papers IV and 
V. 
 
Jet-milling reduces particle and crystallite size, and increases surface area 
and the amount of rhombohedral phase (3R) present; see Table 5.2.  

 
Table 5.2 Structural and surface properties of Swedish natural graphite.  

Graphite 
 

d(002) 
[Å] 

 
Lc(002)1 

[Å] 

 
La(100)1

[Å] 

 
d50 

[µm] 

 
BET 

[m2g-1] 

Amount of  
3R-phase2 

[%] 
Jet-milled 3.3546(4) 475 >1000 8.0 10.9 40 

Raw 3.3524(3) 581 >1000 ~80 3.8 15 
1Calculated using the modified Scherrer formula [36]. 
2Calculated using Rietveld refinement [150]. 
 
Electron diffraction showed that raw and jet-milled graphite exhibit different 
structures at the particle edges (paper IV): raw graphite displays a highly 
crystalline diffraction pattern, while jet-milled graphite shows a more 
disordered structure with multiple diffraction spots in a ring formation, 
normally seen for turbostratic graphite [151]. This provides direct evidence 
of the surface defects created by jet-milling, in agreement with TEM 
micrographs of surface defects on graphite containing the 3R phase [152].  
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As expected, the jet-milled graphite has higher deintercalation capacity and 
rate capability compared to raw graphite. Interestingly, the rate capability of 
the jet-milled graphite is found to be superior to that of other carbon 
materials with the same particle size (Fig. 5.7; left).  
 
Furthermore, jet-milled graphite can also intercalate lithium ions reversibly 
in an electrolyte mixture of PC:EC (1:1); raw graphite cannot (Fig. 5.7; 
right). 
 

 
Figure 5.7 Left: The deintercalation capacity at different current densities for jet-
milled natural graphite ( ), a Brazilian natural graphite ( ), and a microbead ( ). 
The electrolyte used was 1M LiPF6 EC:DMC (2:1). Right: The first intercalation 
curve for raw (x) and jet-milled ( ) graphite in 1M LiPF6 PC:EC (1:1)  

 
However, a majority of the 3R phase was found to transform to the 2H phase 
after repeated lithium intercalation and deintercalation (Fig. 5.8). This shows 
that the improved rate capability cannot be correlated to the amount of 3R 
phase. 
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Figure 5.8 Part of the XRD pattern for graphite, pristine (upper trace) and 
electrochemically cycled 25 times in 1M LiPF6 EC:DMC (2:1) (lower trace).  

5.2.2 Characterisation of the SEI formed in PC-containing 
electrolytes on Swedish natural graphite 
Jet-milled graphite can intercalate lithium ions reversibly in an electrolyte 
mixture of PC:EC (1:1), which the raw graphite cannot, as seen in Fig. 5.7 
(paper IV). The different surface chemistries for raw and jet-milled graphite 
after discharging in PC:EC were investigated in more detail in paper V.  

 
PES spectra from raw and jet-milled graphite cycled in PC:EC (Fig. 5.9) are 
notably similar, in spite of their completely different electrochemical 
performance, showing that solvent reduction products are detected on both 
electrode surfaces. However, small spectral differences can be observed for 
the different graphite materials, indicating that different solvent reduction 
products are formed. Detailed spectral analysis suggests that the reduction 
process continues further on the raw graphite, compared to the jet-milled 
graphite, resulting in hydrocarbons and Li-alkoxides as the main organic SEI 
compounds. For the jet-milled graphite, these are Li-alkyl carbonates and 
PEO-type compounds. The morphologies of the SEI layers formed on the 
two graphite materials were also found to differ. These findings, together 
with the electron diffraction results, suggest that the surface defects created 
by jet-milling act as a physical barrier preventing co-intercalation and thus 
enabling the formation of a stable SEI. 
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Figure 5.9 C1s and O1s spectra obtained by AlKα-excited PES for (a) raw and (b) 
jet-milled graphite cycled in PC:EC. Spectra from jet-milled graphite cycled in 
PC:VC (95:5) (c) are shown for comparison.  

5.3 Surface chemistry of graphite anodes from high-
power batteries with various degrees of power fade 
High-power lithium-ion batteries are studied for hybrid electric vehicle 
applications as part of the U.S. Department of Energy’s Advanced 
Technology Development (ATD) Program [28,153,154]. Lithium-ion 
batteries (18650-type), ranging in capacity from 1 mAh to 1 Ah, are being 
built and tested to find suitable electrode-electrolyte combinations to meet 
calendar life, safety and cost goals of the ATD Program [155,156]. The 
current generation of cells involving LiNi0.8Co0.15Al0.05O2-based cathodes, 
graphite-based anodes, and LiPF6-based electrolytes show capacity and 
power loss during accelerated testing at elevated temperatures [157,158]. 
The power fade was enhanced by storing the batteries at 55 °C. Anodes from 
batteries with different degrees of power fade (PF) were examined by AlKα-
based PES. The effect of rinsing in DEC and deliberate air exposure are also 
investigated.  
 
Representative C1s, F1s, and P2p spectra from the electrodes investigated 
illustrate the results obtained (Fig. 5.10a-d).  
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Figure 5.10 AlKα-based PES spectra. (a) C1s spectra from fresh (no electrolyte 
contact), and 0% power fade (PF) electrodes as disassembled and after rinsing. (b-
d) Spectra from rinsed 0%, 15% and 35% PF electrodes: (b) C1s, (c) F1s and (d) 
P2p.   
 
The relative SEI thickness increases and the SEI composition varies with 
power fade. The SEI layers are dominated by solvent reaction products in 
low power-fade batteries and by salt reaction products in high power-fade 
batteries. Furthermore, the PES results confirm the absence of lithium alkyl 
carbonates (ROCO2Li) and Li2CO3 in the SEI [98,120]. This was also the 
case for the 0% power fade electrode (not stored at 55 °C), indicating that 
lithium alkyl carbonates are not the main EC reduction product on graphite 
electrodes electrochemically cycled vs. a transition metal oxide cathode. The 
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dominant solvent-reduction products appear to be Li-carboxylate type 
compounds, in agreement with [120, paper VIII]. Furthermore, LixPFy and 
carbonate species were observed on the electrode surfaces also after rinsing 
and are hence concluded to be inherent to the SEI.  
 
Understanding of the mechanisms of formation of lithium carboxylates in 
lithium-ion batteries is currently lacking. Reduction of EMC can 
suggestively result in Li-carboxylates (R(C=O)OLi) together with Li-
alkoxides (ROLi). The reactions may be depicted schematically as follows: 
 
CH3CH2O(C=O)OCH3 + e-  → CH3CH2O(C•-O-)OCH3                              (5.2) 
CH3CH2O(C•-O-)OCH3  + e-  + 2Li+ →  LiO(C=O)CH3  + CH3CH2OLi          (5.3), or 
CH3CH2O(C•-O-)OCH3  + e-  + 2Li+ →  LiO(C=O)CH3CH2 + CH3OLi           (5.4) 
 
On the other hand, EC is known to very important for formation of a stable 
SEI layer at the negative electrode, and is hence expected to contribute in the 
carboxylate formation. However, further research is needed to delineate the 
mechanism(s) by which Li-carboxylate compounds are formed.  
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6. Surface chemistry of carbon-treated 
LiFePO4 cathodes 

LiFePO4 has attracted a lot of interest as cathode material since its low 
electronic conductivity has been effectively enhanced by different methods, 
as described in Chapter 2. One way to do this is to attach amorphous carbon 
to the LiFePO4 particles in the synthesis process [42]. In this study, this was 
done by mixing the starting materials with polypropylene powder prior to 
synthesis (see paper VII for a detailed description). This is here referred to 
as carbon-treatment and resulted in a carbon content of 0.56 wt% and an 
electronic conductivity of about 2x10-5 Scm-1. The surface chemistry of 
carbon-treated LiFePO4 is investigated in paper VII. Reactions occurring at 
other cathode/electrolyte interfaces are described in Chapter 3. 
 
The capacity obtained for the carbon-treated LiFePO4 is significantly higher 
than that for untreated LiFePO4 [159]. The improved electrochemical 
performance through increased electronic conductivity as a result of carbon-
treatment is consistent with [42,44]. The capacity for the carbon-treated 
LiFePO4 increases and the irreversible capacity decreases when the 
electrochemical cell is cycled at 40 °C, in agreement with the observations 
for untreated LiFePO4 [159]. This suggests that surface reactions do not 
impair the electrochemical performance at the higher temperature, which is 
commonly the case for lithium-ion battery electrodes, e.g., for the cathode 
materials LiNi0.8Co0.2O2 and LiMn2O4 [30,126].  

 
Characterisation of the pristine carbon-treated LiFePO4 electrode showed no 
evidence of Li2CO3 on the electrode surface. This is contrary to observations 
for other pristine cathode materials: LiNiO2, LiMn2O4 and LiNi0.8Co0.2O2 
[30].  
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Figure 6.1 C1s, F1s, O1s and P2p PES spectra for carbon-treated LiFePO4 
electrodes cycled at 23 °C (a-d) and at 40 °C (e-h) recorded at photon energies of 
790, 1194, 1040 and 643 eV, respectively. This results in a photoelectron kinetic 
energy of 500 eV. F1s, O1s and P2p spectra are shown together with fitted peaks to 
clarify peak assignments. Pairs of Gaussian peaks were used to fit the P2p doublets 
(P21/2, P23/2) to a spin-orbit splitting of 0.8 eV and an area ratio of 1:2. An 
overlapping Auger peak (from oxygen) has been subtracted from the P2p spectra 
recorded at 643 eV. 
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The difference in surface chemistry between fresh carbon-treated LiFePO4 
and other common cathode materials can be important for the cycle life and 
electrode impedance, since reactions involving the initially present Li2CO3 
and electrolyte contribute to surface film formation [30,31] (see Chapter 3). 
Furthermore, the PES measurement on fresh carbon-treated LiFePO4 also 
served as a reference for the binding energies of the individual elements in 
LiFePO4 (see Table 1, paper VII). 
 
An electrolyte-exposed carbon-treated LiFePO4 was also investigated as 
reference measurement to determine the binding energies of the electrolyte 
salt species on the electrode surface. It can be noted that it was not possible 
to detect the electrolyte solvents, showing that these are successfully 
removed during pumping down to pressures below 5x10-9 T prior to surface 
analysis.  
 
PES spectra were obtained by detecting photoelectrons with the same kinetic 
energy from carbon, fluorine, oxygen and phosphorus for carbon-treated 
LiFePO4 electrodes cycled at 23° C and 40° C (Fig. 6.1). The only C1s peak 
(284.4 eV) detected corresponds to carbon black, the EPDM binder and the 
carbon on the LiFePO4 particles (Figs. 6.1a,e). C1s peaks from solvent 
reaction products are not detected. This is in direct contrast with the results 
of surface studies conducted for LiMn2O4, LiNiO2 and LiNi0.8Co0.2O2 [30-
32,126] and suggests that the phosphate group in FePO4, unlike the oxygen 
groups in delithiated Li1-xMn2O4 and Li1-xNi0.8Co0.2O2, does not participate in 
solvent reaction. 
  
Peaks from the phosphate group are identified in the P2p and O1s spectra 
(Figs. 6.1c,d,g,h). This indicates that the thickness of the salt-based surface 
compounds is less than the detection depth in this experiment (up to ~50Å) 
or that the surface compounds are not evenly distributed. Salt compounds 
(LixPFy, LixPOxFy and LiF) are also detected, in agreement with results from 
studies of other cathode materials [30-32,126]. Relative to the phosphate 
peak, more salt species are detected on the electrode cycled at 40 °C and a 
larger quantity of these surface species are LixPOxFy-type compounds.  
 
Depth profiling using SR-excited PES was obtained by variation of the 
photon energy. This experiment clearly shows that solvent reaction products 
are not present at the electrode surfaces and indicates that the salt-based 
surface species do not completely cover the electrode surfaces, since the 
only C1s peak is from CB, binder and carbon-treated LiFePO4 particles, and 
P2p and O1s peaks from the phosphate group are detected at all photon 
energies (i.e., at different penetration depths) (see Fig. 4 in paper VII). The 
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surface film can therefore be described as a salt-based film with partial 
coverage of the electrode surface.  
 
The lack of solvent reaction products for carbon-treated LiFePO4 is very 
interesting in the light of results for other cathode materials. Increased cell 
impedance on cycling observed in lithium-ion batteries using LiNi0.8Co0.2O2   
[28] or LiNi0.8Co0.15Al0.05O2 [124] cathodes (vs. graphite anodes) has been 
attributed mainly to impedance rise at the cathode side. The nature of the 
surface layer on these cathodes has been suggested to be responsible for this 
increased impedance [28,124], as described in Chapter 3.  
 
The lower potential for lithium ion insertion and extraction in LiFePO4 
compared to nickel- and cobalt-oxide materials is obviously important for 
the surface chemistry and safety. In more detail, polarisation of the oxygen 
atoms towards the phosphorus atom in the PO4

3- anion seems also to be of 
importance for the structural stability of the delithiated state. It can be 
speculated that the polarisation of the P-O bond stabilises the nucleophilic 
character of the oxygen and thus prevents the reactions between the solvents 
and the cathode material, since no solvent reaction products were detected 
on the carbon-treated LiFePO4 surface. Suggestively, the polarisation may 
also prevent spontaneous lithium-ion insertion and extraction, and thereby 
suppress several types of reaction with the solvent at the 
electrode/electrolyte interface. The influence of carbon-treatment on the 
formation of surface compounds remains to be elucidated. 

 
The PES results suggest that the surface film formed on carbon-treated 
LiFePO4 may not limit cell performance to the same extent as it does in 
other cathode materials [28,124]. This conclusion is also supported by the 
higher capacity obtained for the electrode cycled at higher temperatures.  
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7. Conclusions and future work 

This thesis attempts to contribute to the overall understanding of surface film 
formation at the electrode/electrolyte interface in lithium-ion batteries. It has 
been demonstrated that the properties of the electrode interface can be 
modified, for example, to increase the onset temperature of thermally 
activated reactions. A summary of the main results and suggestions for 
future work are presented below. 
 
The upper temperature limit for lithium-ion batteries is restricted by the 
exothermic decomposition of the electrochemically formed solid electrolyte 
interphase (SEI) on the anode. It has been shown that the onset temperature 
is highly dependent on the electrolyte salt used and increases in the order: 
LiBF4 < LiPF6 < LiCF3SO3 < LiN(SO2CF3)2 for the salts investigated. SEI 
decomposition is found to be related to SEI composition and is governed by 
the solvents for the LiCF3SO3- and LiN(SO2CF3)2- systems and by the salts 
for the LiBF4- and LiPF6- systems. This shows that it is of great importance 
to minimise electrolyte salt reactions at the anode interface. 
 
Modification of the SEI composition by introduction of an anion receptor or 
SEI-forming additives to the electrolyte is found to decrease the amount of 
salt compounds in the SEI and significantly increase the onset temperature 
for SEI decomposition. The anion receptor tris(pentafluoro-phenyl)borane 
(TPFPB) and the SEI-forming additive vinylene carbonate (VC) show the 
most promising results from a safety point of view. The onset temperature 
for SEI decomposition is improved by more than 70 °C to ~150 °C and by 
more than 30°C to ~110 °C on the addition of TPFPB and VC, respectively. 
Based on these results, the following approaches are proposed for the 
improvement of interface properties:  

 
►Substitution of the liquid electrolyte by a polymer electrolyte may be 
necessary to further improve the onset temperature for thermally activated 
reactions, since it is questionable whether replacement of the electrolyte 
solvent can promote a larger increase in onset temperature than that 
obtained for graphite anodes electrochemically cycled with TPFPB. 
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However, the electrochemical performance of polymer-electrolyte 
batteries is currently inferior to that of liquid-electrolyte batteries. 
 
►Design of new electrolyte salts is crucial to improve the interfacial 
properties. Effort should be focused particularly on minimising the 
amount of salt reaction products in the SEI layer. Lithium 
bis(oxalato)borate (LiBOB) is a promising electrolyte salt; its effect on 
SEI properties in not well understood.  
 
► The optimal surface film should be an electronic insulator and a 
lithium ion conductor that does not suffer from increased impedance over 
time. The effect of SEI composition on performance is not fully 
understood. Determination of lithium ion transport properties across 
different types of SEI layer as a function of temperature can contribute 
significantly to the understanding of how surface films should be tailored.  
 
►Exploration of new electrolyte additives is essential to the improvement 
of electrode interfaces. An additive should have a low lowest-unoccupied- 
molecular-orbital (LUMO) level to be a good electron acceptor, which 
promotes its reaction at the anode/electrolyte interface. DFT calculations 
could be used as a tool in the selection of SEI-forming additives (by 
comparing LUMO levels for potential electrolyte additives) and in the 
study of reaction mechanisms.  

 
 
Investigation of the surface chemistry of graphite anodes from high-power 
lithium-ion batteries (18650-cells) with different levels of power fade 
showed that the relative SEI thickness increases and its composition varies 
with power fade. Solvent reaction products dominate the SEI in low power-
fade cells, while salt reaction products (LiF and PFy- and POxFy- type 
compounds) dominate the SEI in high power-fade batteries. The results also 
show that lithium alkyl carbonates (ROCO2Li) and Li2CO3 are not the main 
solvent reduction products. The dominant solvent-reduction products seem 
instead to be Li-carboxylate type compounds. These results illustrate the 
dynamic nature of the SEI layer; it depends on the electrode chemistry and 
the conditions to which it is exposed. Two important issues remain to be 
solved in this connection:   

 
►The reaction mechanisms for Li-carboxylate formation are currently not 
understood.  
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► There is no general consensus regarding the origin of the power fade 
in these batteries; several mechanism for the increased impedance at the 
cathode have been proposed.  

 
 
Swedish natural graphite has been investigated: it exhibits a high reversible 
capacity, a good rate capability and a low susceptibility to solvent co-
intercalation after jet-milling. The amount of rhombohedral (3R) graphite 
increased by jet-milling, and was shown to decrease with repeated lithium 
insertion and extraction. It was concluded that the simultaneous increase in 
defects with 3R content, especially at the particle surface, was responsible 
for the low susceptibility to solvent co-intercalation.  
 
Investigation of the surface chemistry of carbon-treated LiFePO4 showed 
that salt reaction products were detected on the electrochemically cycled 
electrodes. Furthermore, no Li2CO3 impurities were detected on the pristine 
electrode surface and no solvent reaction products were detected on 
electrodes electrochemically cycled to temperatures up to 40 °C.  These two 
observations are contrary to findings for other cathode materials and are 
promising for the high-temperature performance of carbon-treated LiFePO4. 
The lack of Li2CO3 on the pristine carbon-treated LiFePO4 surface, together 
with the reduced reactivity of the oxygen atoms in the phosphate group, 
compared to oxygen in transition-metal oxides, are proposed as the main 
reasons for the lack of solvent reaction products. Based on these results, 
approaches that can be considered for future work are presented below. 

 
►Investigation of the surface film formed on a transition metal oxide 
cathode prepared without Li2CO3 would verify or falsify suggested 
surface reactions for these types of cathode material.  

 
►Several aspects of the surface chemistry of LiFePO4 remain to be 
explored. More pieces of the puzzle can be found by, for example, by 
studying the surface chemistry of LiFePO4 (without carbon treatment) and 
of carbon-treated LiFePO4 electrochemically cycled to higher potentials, 
as well as the impedance behaviour of the material.  
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