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Abstract
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If sacrificing some of its material to form a passivating layer at the surface, materials may
expand the range of environments where they can be used and further material degradation can
decrease. This thesis aims to contribute with insights into passivating layers on especially Li-ion
battery anodes (solid electrolyte interphase, SEI) but also on stainless steels, as well as the non-
passivating Li-ion battery cathode/electrolyte interface layers (solid permeable interface, SPI).
The studies have been performed using new possibilities offered by photoelectron spectroscopy
techniques.

Depth gradients in the SEI and SPI layers were studied by combining synchrotron-based
hard and soft X-ray photoelectron spectroscopy (HAXPES and SOXPES), which was further
developed for Li-ion battery investigations. Stainless steel depth profiles were acquired
combining HAXPES with angle resolved X-ray photoelectron spectroscopy (ARXPS).

In the Li-ion battery, organic species were more common in the outermost SEI, while some
inorganic compounds were only detected in the more bulk sensitive measurements. No depth
gradients were observed in the SPI. The interface between the graphite and the SEI was
studied for the first time indicating lithium enrichment at the graphite surface. Furthermore, the
influence of the film-forming additive propargyl methanesulphonate (PMS) on the electrode/
electrolyte interfaces was studies, and cells cycled to end of life at 22°C and 55°C were
compared.

For stainless steels, the thicknesses of the oxide film as well as the nickel enriched metal layer
underneath the oxide were determined. A similar methodology was applied to estimate the Li-
ion battery SEI thickness.

Finally, experiences from PES methodology work on the Li-ion battery systems are discussed
aiming to facilitate further studies of the experimentally challenging electrochemically modified
samples.
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Introduction 

To live is to commence dying. 

Death lives in all that grows. 

To live with that is a prerequisite. 

- Claes Andersson1 

Passivating layers make the thermodynamically impossible practically pos-
sible. Materials may considerably expand the range of environments where 
they can be used if sacrificing some of its material to form a passivating 
layer at the surface. Such a passivating layer, formed from degradation prod-
ucts remaining at the sample surface, can significantly decrease the rate of 
further degradation. 

Commonly used Li-ion battery electrolytes are unstable [1] at the operating 
potentials of most Li-ion batteries. Accepting this, researchers have managed 
to achieve reasonable cell stability by choosing electrolytes which upon deg-
radation form a passivating layer at the anode/electrolyte interface. This 
passivating layer is known as the solid electrolyte interphase (SEI)  [2,3]. 
Also the corrosion resistance, the “stainlessness”, of stainless steels is related 
to passivating layers formed on chromium rich (~12%), low carbon content 
iron-based alloys [4]. 

Although passivating layers significantly decrease the rate of further degra-
dation, some undesired side reactions will still take place. Insufficient Li-ion 
battery life-time is a major factor impeding the introduction of, e.g., Li-ion 
battery powered electric vehicles. SEI processes have been proposed to 
largely contribute to cell aging, and also the non-passivating cathode coun-
terpart to the SEI, the solid permeable interface (SPI), may influence cell 
life-time [5].  

This thesis aims to contribute with insights into passivating layers on espe-
cially Li-ion battery electrodes but also on stainless steels. In the long run, 

                                                 
1 translated from Swedish. 
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such improved understanding could contribute to more efficient passivating 
layers. This could lead to a prolonged life-time of Li-ion batteries. Apart 
from reducing waste and saving energy, such development may also contrib-
ute to that Li-ion batteries may replace fossil fuels in, e.g., vehicles. Al-
though the life-cycle emissions must be considered and 120 recharges of an 
electric vehicle may be needed before it reaches CO2 break even with a gaso-
line vehicle2 [6], the potential CO2 – savings associated with using Li-ion 
batteries in vehicles are still substantial considering the potential use of elec-
tricity from renewable energy sources and the large total energy use in the 
transportation sector.  

Li-ion battery electrode/electrolyte interfaces 

Li-ion batteries 
Li-ion batteries are a family of different cell chemistries, which still is grow-
ing significantly [6–8]. With a higher energy density compared to other re-
chargeable battery technologies such as lead acid, nickel metal hydride and 
nickel cadmium batteries [9], Li-ion batteries are attractive for mobile appli-
cations such as vehicles. Their higher energy density is largely related to 
their higher voltage (a practical range between 3.4 to 4 V), which is associ-
ated with the highly electropositive nature of lithium.  

A common denominator for the different types of Li-ion batteries is the shut-
tling of Li-ions back and forth between the two electrodes [9]. Therefore, Li-
ion batteries are sometimes called “rocking chair batteries”. As an example 
illustrating the basic principle of operation of Li-ion batteries, Figure 1 
shows a schematic picture of the inside of a graphite/LiFePO4 Li-ion battery 
during discharge. Lithium ions are deintercalating from the lithiated graphite 
in the anode and intercalating into the iron phosphate in the cathode material. 
Hence, the lithiated graphite turns into delithiated graphite, and iron phos-
phate turns into lithium iron phosphate. When the cell is recharged, the proc-
ess is reversed.  

 

                                                 
2 And a carbon foot-print of 70 kg CO2 per kWh, electricity produced in a coal power-plant 
with 35% efficiency and a petrol engine heat-to-wheel efficiency of 20%. 
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Figure 1. Schematic picture of the principle of a Li-ion battery with a graphite anode 
and an LiFePO4 cathode. On discharge, lithium ions deintercalate from the lithiated 
graphite and intercalate into iron phosphate. When the cell is re-charged, the process 
is reversed.  

On the anode (negative electrode) side, graphite-based electrodes are com-
monly used in commercial batteries. Also materials which can be alloyed 
with lithium, such as silicon, can be used as anodes, and can offer higher 
energy densities but often suffer from particle cracking due to large volume 
expansion; silicon expands 400% when alloying with lithium  [10]. As an-
other example, lithium titanate can be used as an anode material [11]. Due to 
its higher operating potential (~1.5 V vs. Li) such anodes do generally not 
require the formation of an SEI layer. The titanates show small volume 
changes during charge and discharge and can operate with high power, how-
ever they offer a lower energy density than graphite and silicon.  

On the cathode side, lithium containing transition metal oxides, e.g. LiCoO2 

[12] and LiMn2O4 [13], have commonly been used [14]. Polyoxyanion com-
pounds are considered safer than transition metal oxide cathode materials, as 
the use of, e.g., cobalt oxide to some extent present a risk of exothermic 
electrolyte oxidation resulting from possible oxygen evolution during over-
charge [15]. Phosphates [16], and especially lithium iron phosphates have 
emerged as attractive alternatives [17]. Also, silicates, which could be syn-
thesized in solid state reactions from some of the most abundant elements on 
earth, have shown promising results [18]. Higher voltage (~5V) cathode 
materials, such as LiNi0.5Mn1.5O4-type materials [19], could offer higher 
energy densities, however their introduction is limited by electrolyte instabil-
ity in this potential region.  

The electrolyte is commonly based on mixed carbonate solvents containing 
lithium salts such as LiPF6 or LiTFSI. Also solid electrolytes may be used, 
however these still suffer from insufficient lithium ion conductivity for many 
applications [7]. Also ionic liquids have emerged as interesting alternatives 
which do not have any vapor pressure, making them inflammable. However, 
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ionic liquids are also associated with disadvantages such as higher cost, dis-
satisfactory SEI formation and poor wetting of electrode particles associated 
with high viscosity [20]. The electrolyte performance may also by influenced 
using various additives [21] such as film-forming vinylene carbonate [22] 
and LiPF6 stabilizing tris(2,2,2-trifluoroethyl) phosphate, which forming 
complexes with PF5 [23] and also acting as a flame retardant [24]. 

In the present thesis, the electrode/electrolyte interfaces are in focus. These 
are generally referred to as the solid electrolyte interphase (SEI) on the an-
ode and the solid permeable interface (SPI) on the cathode.  

The solid electrolyte interphase (SEI) 
The SEI ideally consists of electronically non-conductive materials. It is thus 
able to significantly decrease the rate of further electrolyte degradation [2,3]. 
Hence, the SEI acts as a passivation layer. The SEI should also be a good 
conductor for lithium ions, but impermeable for other species and hence act 
a bit like a “sieve” preventing (further 3) solvent co-intercalation and hence 
exfoliation [25].  

In the early days of Li-ion battery development, graphite-based anodes suf-
fered from poor reversibility related to, e.g., disintegration of the active ma-
terial [26]. Hence, the discovery of ethylene carbonate (EC, shown in Figure 
2) as a co-solvent [2] and its ability to form an efficient SEI layer was a ma-
jor breakthrough in Li-ion battery development, increasing the battery re-
versibility and enabling its commercial introduction .  

 
Figure 2. Structural formula for ethylene carbonate (EC), which plays a central role 
in SEI formation reactions in commonly used Li-ion batteries. 

The important role of EC in commonly used Li-ion batteries with EC-
containing electrolyte is related to its higher dielectric constant compared to 
most other used solvents [1]. Due to its higher dielectric constant, EC is pre-
ferentially co-ordinated to lithium ions, and should be preferentially reduced. 

                                                 
3 According to a model proposed by Besenhard et al. [36], decomposition of co-intercalated 
solvent molecules contributes to SEI formation. 
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A range of different EC reduction products are possible. Based on extensive 
experimental studies of SEI layers, Aurbach et al. [27] concluded that lith-
ium alkyl carbonates dominate the SEI. DFT calculations of the stability of 
different possible EC reduction products have shown that both one- and two-
electron reduction of EC is likely to occur. Among investigated EC reduc-
tion products, (CH2CH2OCO2Li)2, was found to be the most stable, followed 
by the O-Li containing LiO(CH2)2CO2(CH2)2OCO2Li [28].  

Apart from the proposed dominant contribution from EC reduction products 
in the SEI, also a range of other SEI components have been proposed.  
Commonly suggested plausible SEI species have been summarized in a re-
view by Verma et al. [29]. These include both inorganic and organic prod-
ucts formed from both the electrolyte solvents and the electrolyte salt. As-
suming that the electrolyte penetrates the organic parts of the SEI to form a 
gel-like material, it has been argued that the inorganic part of the SEI is es-
sential to achieve passivation [30]. Although reduction reactions are believed 
to present major paths to SEI formation, also other types of reactions, such 
as EC ring opening reactions catalyzed by other electrolyte species, such as 
PF5 which is in equilibrium with the lithium salt LiPF6 [31], may contribute 
to SEI formation.  

Not only the electrolyte, but also the type of substrate affects the SEI. The 
crystallographic structure and particle morphology of graphites has been 
found to influence the SEI [32]. This can be motivated by catalysis at defect 
sites, and the influence of the graphite morphology on the current density at 
different places on the graphite. Furthermore, the irreversible capacity loss 
attributed to SEI formation has been found to be proportional to the Brun-
auer-Emmett-Teller (BET) surface area of the graphite [33]. The studies 
were performed on composite electrodes, hence the SEI can be concluded to 
follow the surface of the electroactive material also when the graphite is 
surrounded by binder (in that case poly(vinylidene fluoride), PVdF).  

The SEI material has been proposed to be organized in several different 
ways, which are schematically illustrated in Figure 3. 

a) b) c)

 
Figure 3. Schematic illustrations of  a) multilayered morphology [34], b) mosaic 
morphology [35] and c) an SEI extending into the graphite interplanar voids [36]. 
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Based on impedance spectroscopy results, which have been interpreted as 
that charge transfer processes occur at several different interfaces, both mo-
saic [35] and multilayered [34] morphologies have been proposed.  

Evidence of mosaic-type SEI morphology in composite electrodes can be 
inferred from, e.g., studies of highly oriented pyrolytic graphite (HOPG) 
crystals. On the cross section edge plane, the SEI contained more salt prod-
ucts, while organic compounds were more predominant in the basal plane 
SEI [37]. The different SEI composition on the cross section and basal 
planes might be related to that reduction preferentially takes place at the 
graphite edge planes. Certain reduction products, such as radical anions, may 
more easily diffuse from the formation site and decompose and precipitate 
elsewhere. This would lead to a more predominantly organic SEI on the 
basal than the cross section planes [38]. 

Evidence of multilayered SEI morphology has been observed in, e.g., X-ray 
photoelectron spectroscopy (XPS) measurements on sputtering (Ar+ etching) 
depth profiled electrodes. Such measurements have indicated that the SEI 
consists of an inner, inorganic part, and an outer, porous organic part [39]. 
However, Ar+ etching has been shown to transform some proposed SEI spe-
cies to compounds suggested to be more common in the deeper parts of the 
SEI [39,40]. Hence, artificial depth gradients could be produced during the 
sputtering process. Possible depth gradients in the SEI could be related to the 
differing mobility of different reduction products [38]. The presence of depth 
gradients could also be motivated by differences in reductive power in dif-
ferent parts of the SEI, which for example could account for gradients where 
two-electron reduction products of EC (e.g. Li2CO3) are preferentially found 
in the inner SEI while one-electron reduction EC products (e.g. lithium alkyl 
carbonates) are preferentially found in the outer SEI.  

Based on dilatometry measurements of expansion and contraction at the 
graphite surface, a 3D model where the SEI extends into the graphite inter-
planar voids has been proposed [36]. According to this model, inner parts of 
the SEI would form from decomposition of ternary intercalation compounds, 
i.e., from decomposition of co-intercalated solvent molecules. This hypothe-
sis has been checked using a broad range of methods, the discussion is ongo-
ing and has been reviewed by Xu et al. [41]. 

The solid permeable interface (SPI) 
Unlike the anode/electrolyte interface SEI, which forms mainly during the 
first cycle, significantly increased amounts of material are deposited at the 
cathode/electrolyte interface during cycling. At elevated temperatures, the 
anode SEI appears to break down [47], while increased amounts of electro-



 

 15

lyte material have been observed to deposit in cathode/electrolyte interfaces 
[48]. The solid permeable interface (SPI) [49] concept has been introduced 
to distinguish the cathode/electrolyte interface from the significantly differ-
ent SEI at the anode/electrolyte interface. The term “permeable” was chosen 
to highlight that the SPI, unlike the SEI, does not act as a passivating layer 
[49].  

The cathode operates at higher potentials than the anode, hence no passivat-
ing layer is required to prevent electrolyte reduction at the cathode. How-
ever, other types of surface reactions may occur. Electrolyte oxidation is one 
possibility. Using metal electrodes, it has been shown that alkyl carbonates 
such as EC may oxidize below 4 V vs. Li+/Li. EC was then suggested to 
decompose to form, e.g., polycarbonates [42]. Furthermore, in lithiated (dis-
charged) state, surface oxygens on metal oxides may react with solvent 
molecules through nucleofilic attack [43]. Also some different mechanisms 
converting the surface of transition metal oxides themselves have been pro-
posed. Dissolution of cations from e.g., LiMn2O4 [44], leading to formation 
of inactive phases at the surface and possible metal plating at the anode, is 
one such example. Transformation of metal oxides such as LiCoO2 to form 
Li2O and another metal oxide is another [45]. Furthermore, it is also possible 
that electrolyte material formed elsewhere in the battery deposit in the SPI. 
In some cases, the SPI may limit cell life-time [46].  

Previously suggested SPI models for LiNi0.8Co0.2O2 and LiMn2O4 propose a 
layered cathode SPI structure consisting of polymers closer to the active 
material and more inorganic compounds closer to the electrolyte [49]. How-
ever, these models were based on Ar+ etching aided XPS, which may pro-
duce artificial depth gradients [39,40]. Furthermore, the SPI may well be 
different at different cathode materials. For example, unlike commonly used 
metal oxide based cathode materials, carbonate containing electrolyte 
products have been concluded to be absent in the LiFePO4 SPI [50]. 
Furthermore, it has been shown that smaller amounts of oxygenated elec-
trolyte decomposition products are deposited on LiFePO4 compared to on 
some commonly used metal oxide based cathode materials [50,51].  

Passivating layers on stainless steels 
Stainless steels are based on iron, which is alloyed with at least 10.5 wt% 
chromium [52] and other elements like nickel, manganese and molybdenum. 
For steels with body centered cubic structure, where each atom has eight 
neighbours, this chromium content roughly corresponds to that each atom on 
the average has approximately one chromium atom as a neighbour. The cor-
rosion resistance of stainless steels is mainly attributed to a few nanometer 
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thin oxide-hydroxide film at the surface, which decreases the dissolution rate 
of the alloy elements [53].  

The properties of passivating layers on stainless steels can be designed by 
the addition of different elements to the steel. The increased corrosion resis-
tance of molybdenum containing steels has, for example, been attributed to 
that molybdenum (IV) and (VI) in the film cancels point defects in the pas-
sive layer, which largely consists of trivalent ions, making it more difficult 
for anions from the solution to penetrate into the film [54]. Also nickel in-
creases the corrosion resistance of the steels, and could decrease the rate of 
dissolution of iron and chromium. In nickel-containing austenitic and duplex 
steels, nickel has  been found to be enriched in the outermost parts of the 
metal beneath the oxide layer [55]. Also a range of other elements, such as 
manganese, nitrogen, and tungsten can be added to achieve certain properties 
of the passive films, as further discussed in a review by Olsson et al. [56].  

The passive film is by no means static. The film thickness may change 
within seconds in response to an applied potential [56]. Also the pH affects 
the passive film. At lower pH, selective dissolution of iron leads to a higher 
chromium concentration in the passive layer [57].  

Surface composition analysis  
XPS is a surface sensitive technique, which apart from information on the 
chemical environments in the surface also offers the possibility of quantita-
tive surface composition analysis. However, photoelectron spectroscopy 
requires vacuum, and the probing depth of conventional XPS, about 10 nm, 
may also be a limitation. Destructive Ar+ etching processes have often been 
used to remove material from the surface and thus enable XPS characteriza-
tion of deeper parts of the material. However, such etching has in some cases 
been shown to transform the probed material into other components. For 
example, tests on a reference sample of Li2CO3, a commonly suggested SEI 
component, have shown that Li2CO3 upon Ar+ etching can convert into Li2O 
[39]. Hence, the results of such depth profiling measurements are associated 
with uncertainties related to possible changes to the probed material during 
the depth profiling process. Also another common technique for surface 
characterization, time of flight - secondary ion mass spectrometry (TOF-
SIMS) relies on gradual removal of surface material in a process similar to 
Ar+ etching. Hence, TOF-SIMS is unsuitable for characterizing samples 
where Ar+ etching is suspected to produce artificial depth gradients. Fourier 
transform infrared spectroscopy (FTIR) does not require vacuum, which is 
advantageous for probing samples containing volatile components (such as 
Li-ion battery electrodes). However, the extensive penetration depth of infra-
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red radiation means a relatively weaker signal from a thin interface layer 
compared to more surface sensitive techniques and only qualitative, not 
quantitative, information about the surface composition is obtained.  

In the present work, XPS measurements have been complimented by other 
photoelectron spectroscopy techniques with different depth sensitivity. Thus 
depth gradients have been investigated without using Ar+ etching. The more 
depth sensitive synchrotron-based hard X-ray photoelectron spectroscopy 
(HAXPES) methodology has been adapted for Li-ion battery samples and 
also been used to investigate passivating layers on stainless steels. In the 
case of the Li-ion battery samples, more surface sensitive measurements 
were performed by synchrotron based soft X-ray photoelectron spectroscopy 
(SOXPES) measurements. In the case of the smoother stainless steel sur-
faces, the most surface sensitive measurements could instead be performed 
using conventional XPS at different angles of incidence, i.e. angle resolved 
X-ray photoelectron spectroscopy (ARXPS). A more in-depth description of 
the different techniques is given in a later chapter. 
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Scope of the thesis 

The present work aims to gain improved insight into mainly graph-
ite/LiFePO4 Li-ion battery electrode/electrolyte interface layers, but also into 
some features of passive layers on 304L and 316L stainless steels. The em-
phasis is on the anode SEI, however also the cathode SPI has been character-
ized and compared.  

The studies have been performed using different photoelectron spectroscopy 
techniques. Methodology for combining more surface sensitive soft X-ray 
photoelectron spectroscopy (SOXPES) with more depth sensitive hard X-ray 
photoelectron spectroscopy (HAXPES) to obtain information about depth 
gradients has been adapted for Li-ion battery systems. In the case of the 
much smoother stainless steel surfaces, HAXPES depth profiling was com-
bined with angular resolved X-ray photoelectron spectroscopy (ARXPS) 
depth profiling.  

The Li-ion battery work has involved considerable methodology develop-
ment, including both experimental and data analysis procedures. To facilitate 
future photoelectron spectroscopy characterization of Li-ion battery elec-
trode/electrolyte interface layers, this thesis apart from sharing our findings 
on interface layers also aims to contribute to further improved understanding 
of such layers by sharing some experiences and advice on how more reliable 
photoelectron spectroscopy results can be obtained.  
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The characterized samples 

Li-ion batteries 
In the present work, we have studied cells with graphite-based anodes and 
lithium iron phosphate-based cathodes, as these materials are non-toxic, 
readily available and are considered highly interesting for vehicle applica-
tions. Carbon coating had been applied to the lithium iron phosphate parti-
cles, as such coating significantly increases the conductivity of composite 
iron phosphate-based electrodes [58]. Electrolyte with ethylene carbonate 
(EC) and diethyl carbonate (DEC) solvents and LiPF6 salt and Solupor ® 
polyethylene/polypropylene separators were used. The film-forming additive 
propargyl methanesulphonate (PMS) was added to some of the electrolyte to 
test the influence of an additive. 

The same graphite compound (supplied by Toyo Tanso) was used in all ex-
periments, except for the study presented in Paper III. This graphite consists 
of “potato” shaped particles with an average particle size of 20 µm (see SEM 
micrograph in Figure 4a). Also the hydrothermally produced lithium iron 
phosphate (Phostech), consisting of 200 nm particles (see Figure 4b), was 
the same in all studies, apart from the one presented in Paper III.  

 

 

Figure 4. SEM micrographs of a) graphite and b) LiFePO4.  
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Composite electrodes were prepared from mixing electroactive material 
(graphite/LiFePO4), a carbon additive (Super P carbon black) serving to 
electrically connect the electroactive material, as well as a plastic binder 
serving to mechanically keep the electrode material together and give a good 
adhesion to the current collector. The electrodes were generally fabricated in 
house, using Kynar ® (vinylidene fluoride trifluoroethylene co-polymer) 
binder. In the case of the graphite electrodes, a copper foil was used as the 
current collector. The positive electrodes used aluminum current collectors. 
The study on longer term cycled cells (paper III) was, however, performed 
using electrodes prepared by Quallion LLC.  

The electrodes, the separator and in the longer term cycling study also the 
other cell components, were dried in a vacuum oven to remove residual wa-
ter. The cells were assembled in pouch cell configuration (i.e. using hermeti-
cally sealed polymer coated aluminum bags as cell containers, shown in 
Figure 5a) inside an argon filled glove box (≤1 ppm H2O, < 3 ppm O2). For a 
more detailed description of the examined Li-ion batteries, see paper I and 
for the longer term cycling study paper III.  

 

 
Figure 5. The cell configurations used in the present study: a) Pouch cell and b) 
Swagelok cell.  

In order to compare the SEI on powders and composite electrodes, and to 
compare graphite powders pre-treated in different ways, also Swagelok cells 
(Figure 5b) were prepared. The Swagelok cell preparation was similar to the 
pouch cell preparation, however glass fiber separators were sandwiched be-
tween the Solupor separators for mechanic stability, Li counter electrodes 
were used, and cells were galvanostatically cycled for 1.5 cycles between 
0.01 V and 1.5 V at C/5 rate (70 mA/g). 1 M LiPF6 EC:DEC 1:1 electrolyte 
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(Merck LP40) was used, and each cell contained only 2 mg graphite powder 
compared to 5-7 mg in the pouch cell case.  

Stainless steels 
Stainless steels are classified based on their structure. Austenitic steels have 
a face centered cubic (FCC) structure, and ferritic steels have a body cen-
tered cubic (BCC) structure. Generally, austenitic steels are preferred for 
applications with high demands on corrosion resistance [59]. In the present 
work, two of the most commonly used austenitic stainless steels have been 
studied; 304L (1.4301) also known as 18:8 steel and 316L (1.4432) also 
known as marine grade steel. Table 1 shows the compositions of the two 
steels. The 316L steel contains molybdenum, which provides increased resis-
tance towards especially pitting corrosion, while the 304L steel does not. 

Table 1. Relative contents of different metals in the 304L and 316L stainless steels.  

[wt%] Cr Fe Mo Ni 

304L (1.4301) 18 73  9 
316L (1.4432) 16.8 70 2.6 10.6 

Samples were either analyzed as polished (to mirror finish) or after polariza-
tion in 0.5 M H2SO4 at different potentials in the beginning (0.2 V) or middle 
(0.6 V) of the passive state or slightly into the transpassive region (1.0 V). In 
the stainless steel studies, potentials were applied using an Ag/AgCl refer-
ence electrode. In paper VII, samples were pretreated at -1.2 V for one 
minute to reduce the native oxide layer prior to subsequent polarization.  
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Photoelectron spectroscopy methodology 

Photoelectron spectroscopy (PES) is a surface sensitive technique that can be 
used to, e.g., gain information about the chemical environments within the 
surface of a sample, to perform quantitative composition analysis and to 
determine the thickness of thin surface layers. 

The basic principle of photoelectron spectroscopy is illustrated in Figure 6. 
When irradiating a material with X-rays with energies higher than the 
threshold energy for electron emission (the work function, Φ), electrons are 
emitted from the material. This phenomenon is referred to as the photoelec-
tric effect [60,61]. By using a known excitation energy and through measur-
ing the kinetic energies, Ek, of the emitted electrons as well as the work func-
tion of the material, the binding energies, EB, of electrons within the ana-
lyzed material can be calculated using: 

φ−−= kexcB EEE      (1) 
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Figure 6. Schematic illustration of the basic principle of photoelectron spectroscopy 
measurements. 

Each element has a characteristic binding energy level pattern. The energy 
positions of the energy levels with high binding energy, the core levels are 
spread out over a large energy range and thus the measured PES core level 
lines are normally well separated from each other. By analyzing the smaller 
variations in binding energy of electrons emitted from the same core level, 
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information about the chemical environments in the sample can be obtained. 
These smaller variations are called chemical shifts. Furthermore, also quanti-
tative composition analysis can be performed by comparing the intensities of 
electrons with different kinetic energies, and taking, e.g., the relative prob-
abilities of electron emission from different core levels into account. 

Experimental setups 
In the present study, both in house XPS and synchrotron based HAXPES and 
SOXPES studies were performed. While XPS offers discrete excitation en-
ergies, synchrotron X-ray sources offer excitation energies in a wide energy 
range. In the present study, SOXPES experiments were performed using 
200 eV-1280 eV radiation. The HAXPES studies were performed using ex-
citation energies in the 2000 eV-6900 eV range. The possibility of tuning the 
excitation energy is advantageous as it means that also the probing depth can 
be tuned, as will be further discussed later.  

 

Eexc

a) b)

E B

 
Figure 7. Schematic pictures illustrating X-ray generation in a) in house AlKα X-ray 
sources and b) synchrotron X-ray sources with undulator equipment. AlKα X-ray 
sources provide an excitation energy corresponding to the energy emitted on deexci-
tation of excited electrons in the aluminum anode. In synchrotrons, X-rays are pro-
duced by bending the electron path using magnets.  

The freedom to choose between different excitation energies offered by syn-
chrotron X-ray sources, while in house equipment only can provide discrete 
excitation energies, is related to the different principles for X-ray generation 
utilized by in the respective cases (see Figure 7). In house equipment gener-
ally utilizes X-rays emitted in discrete energy transitions between different 
core levels. Electrons are emitted and using high voltage accelerated towards 
a target material such as aluminum. When the electrons hit the aluminum, 
electrons in the K shell of the aluminum atoms are emitted. The ionized at-
oms are left in an excited state and will quickly de-excite through emission 
of X-rays. The X-rays are monochromatized and focused on to the sample. 
Synchrotron X-ray sources, on the other hand, produces X-rays by accelerat-
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ing (changing the direction of) electrons travelling at close to speed of light 
within a storage ring. When these electrons are accelerated, they emit X-
rays. Figure 7b shows an example of how this can be performed using a so-
called undulator, where magnets with varying polarity are used to make the 
electrons move in a slalom-like manner. The energy spectrum of the emitted 
X-rays can be affected by changing the distance between the magnets. The 
X-rays are monochromatized and focused on the sample.  

In the present study, XPS measurements were performed at two different 
instruments; the battery experiments were performed at a Perkin Elmer PHI 
5500 system and the steel measurements at a Phi Quantum 2000 XPS. SOX-
PES was performed at the I411 beamline at the MAX II synchrotron (MAX 
IV laboratory, Lund, Sweden) [62]. HAXPES was performed at the BESSY 
II synchrotron (Helmholtz-Zentrum, Berlin, Germany) [63] using the HIKE 
end-station [64]. 
 

 
 

Figure 8. Photograph of the sample transfer equipment used in the synchrotron stud-
ies. The adapter (a) is plugged into the load lock of a glovebox and can either be 
sealed using a flange (b) or attached to the portable unit (c-g). The system can be 
used with either an omicron fork (c) or an instrument specific sample transfer maga-
zine (d) mounted onto a magnetic rod (g). Also a small vacuum chamber (f) with a 
valve (e) is attached to the magnetic rod. 
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To avoid exposing Li-ion battery samples to air, special equipments were 
used which enable sample transfer directly from argon atmosphere (in the 
glovebox and transfer equipment) to the vacuum inside the photoelectron 
spectroscopy systems. A commercially available, instrument specific transfer 
unit was used for transfer to the XPS system. For the synchrotron experi-
ments, a newly built, versatile transfer system enabling sample transfer from 
a glovebox to any system equipped with a C35 flange was used. This trans-
fer equipment is shown in Figure  and is further described in paper II.  

Experimental considerations 
Photoelectron spectroscopy is a surface sensitive and vacuum based tech-
nique. Measurements on interfaces produced in an electrochemical environ-
ment, such as the graphite/LiFePO4 pouch cell batteries studied here, require 
special experimental procedures. The reason for this is, e.g., the highly reac-
tive nature of the samples as well as their content of volatile species. A num-
ber of measurement parameters have to be controlled, such as: sample trans-
fer procedures (where air exposure should be avoided and pumping proce-
dures may be of importance). The X-ray irradiation can also affect the sur-
face electronic structure and the choice of excitation energies is highly 
important in order to avoid interference with overlapping spectral features. 
Finally, different depth profiling methods are suitable for different meas-
urements. As a general rule, experimental procedures should be as standard-
ized as possible to avoid variations related to differences in sample treat-
ment. This section specifically focuses on Li-ion battery experimental con-
sideration, as these were perceived to be experimentally challenging and 
conclusive results could be made from these more extensive methodological 
studies. 

 
Sample pre-treatment 
In the present work, air exposure of samples has been avoided using special 
transfer units. Standardized pumping procedures and transfer times were 
generally used to minimize the possible effects of differences in evaporation 
of volatile components and possibly also, e.g., LiPF6 decomposition to PF5 

gas and LiF. Samples were inserted from glovebox atmosphere into a cham-
ber pumped down to ~1μbar, a pressure equivalent to ~0.5 ppm at a glove-
box pressure of 2 bars. The pumping procedure was designed to ensure that 
samples would never be exposed to higher partial pressures of water than in 
the glovebox, even if the chamber that the sample is transferred to would be 
filled with water vapor only. Furthermore, unwashed samples were generally 
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examined, as different SEI components exhibit different solubility in the 
DMC solvent commonly used to remove electrolyte rests from the sample 
surface prior to, e.g., photoelectron spectroscopy measurements [65].  

The stainless steel samples studied in the present thesis are more stable, and 
the sample pre-treatment and introduction into the spectrometer set-up is 
hence more straightforward. Still the surface needs to be clean and well-
washed before the measurements to reduce the amount of carbon contami-
nants on the surface.  

 

Consequences of exposing lithiated graphite samples to air 
In paper II, lithiated graphite samples were pre-treated in four different 
ways (combining washing in DMC/no washing with vacuum treatment/no 
vacuum treatment prior to exposure, see Figure ) and exposed to air. The 
samples are referred to as uVAV, uAV, wVAV and wAV, describing the  
series of treatments that they were subject to. As an example, the uVAV 
sample was unwashed, Vacuum treated (during PES measurements of the 
unexposed sample), then Air exposed, and then Vacuum treated again (dur-
ing the PES measurements of the exposed sample). XPS spectra of un-
washed samples exposed before (uAV) and after (uVAV) vacuum treatment, 
as well as an unexposed reference sample (uRef), are shown in Figure . 
Figure  shows a proposed schematic picture summarizing the consequences 
of exposing the different lithiated graphite samples to air observed in all the 
different exposure experiments.  
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Figure 9. Illustration of the experimental process in the air exposure study. One 
electrode was cut into four pieces, which were subjected to different pre-treatments 
prior to exposure to air.  
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Figure 10. XPS spectra of unwashed lithiated graphite a) unexposed (uRef), b) ex-
posed after vacuum treatment (uVAV) and c) exposed before insertion into vacuum 
(uAV). The spectra were normalized to show the relative intensities of the different 
signals. 

Compared to samples pre-treated in the other ways, the uAV sample showed 
more pronounced CO3 and C-O contributions after exposure to air. This is 
proposed to be associated with reactions where species which can be re-
moved by vacuum treatment and/or washing form less volatile components 
which to a greater extent remain inside in the surface after insertion into the 
vacuum system where the measurements were performed. In Figure , this is 
represented by a different colour and a larger amount of the electrolyte prod-
ucts deposited in the SEI pores, compared to in the all the other samples.  
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Figure 11. Schematic picture of consequences of exposing lithiated graphite surfaces 
pre-treated in different ways to air. 

On exposure of the uVAV, wAV and wVAV samples, i.e. samples vacuum 
treated and/or washed prior to exposure, pronounced changes attributed to 
lithium hydroxide formation were observed. Lithium hydroxide was only 
observed in XPS spectra, not in the more surface sensitive SOXPES meas-
urements. It can hence be concluded to reside in the deeper parts of the SEI, 
and is suggested to form through partial delithiation of the lithiated graphite. 
No lithium hydroxide signal was resolved in the uAV sample spectra. How-
ever, this could be due to increased attenuation of the signal from the deeper 
parts of the SEI in this sample, related to the larger amount of electrolyte 
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products in the SEI of these samples. Hence, it could not be concluded 
whether lithium hydroxide forms also in the uAV samples.  

Differences in the SEI of the unwashed uVAV and washed wVAV/wAV SEI 
were observed. In Figure 10, this is represented by a different colour of the 
material in the SEI pores. However, interestingly, only smaller differences 
were seen between the wAV and wVAV samples. 

Irradiation-related damage 
No X-ray irradiation-related changes were observed in the stainless steel 
samples at the X-ray intensities used in the present thesis. However, the Li-
ion battery samples were highly sensitive to prolonged X-ray irradiation.  
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Figure 12. Effects of irradiation-related damage in F1s spectra recorded using 
835 eV radiation. Spectrum a) was recorded one hour before the spectrum shown in 
b), including 25 minutes of X-ray irradiation. Spectrum c) was recorded ten minutes 
after the spectrum shown in b), including five minutes irradiation using the more 
intense 200 eV irradiation. The spectra were normalized by the intensity of the P-
F/binder feature. 

Figure  shows F1s spectra (835 eV) of a delithiated graphite sample acquired 
after different irradiation exposures. The relative amount of the feature at-
tributed to LiF was observed to increase with X-ray irradiation. Interestingly, 
unlike classical radiation damage, these irradiation-related changes are not 
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limited to the probed spot but spread over a larger area. The reason remains 
to be understood.  

To decrease the rate of changes induced by X-ray irradiation in Li-ion bat-
tery substrate spectra, the core levels were scanned as few times as possible 
while still discerning the shape of the spectra. Furthermore, different means 
of decreasing the beam power were used. For example, a filter (25 µm thick 
Be foil) was used to decrease the intensity of the 2300 eV X-ray beam.  

Avoiding Augers and plasmons 
To facilitate spectrum interpretation, it is vital to plan the experiments to 
avoid interference between the core level features (containing information on 
chemical shifts) and other spectrum features such as auger and plasmon fea-
tures.  

Especially in the more surface sensitive measurements, overlap between 
Auger peaks and core level peaks is common. The kinetic energies of emit-
ted Auger electrons are independent of the excitation energy. Therefore, 
Auger peaks can be distinguished from core level peaks by changing the 
excitation energy as these peaks then shift on the binding energy scale while 
core level peaks do not.  

Also other spectral features may overlap with the core level spectra. For 
example, the fluorine plasmon4 peak overlaps with the Fe2p core level. More 
detailed analysis of the Fe2p spectrum can therefore be performed if fluorine 
free binder and electrolyte is used.  

Depth profiling methods 
The probing depth of photoelectron spectroscopy measurements depends on 
the probability that emitted electrons are emitted from the sample without 
losing energy in inelastic scattering events; i.e. the probability of elastic elec-
tron emission. This probability is higher for electrons emitted from smaller 
depths, x, and for electrons with a higher kinetic energy. The scattering also 
depends on the material that the electrons pass through. The probability, 
P(x), of elastic energy emission is described by the inelastic mean free path 
(IMFP), λ, which is defined by: 

 
)sin(/)( θλ⋅−= xexP      (2) 

                                                 
4 A plasmon can in classical physics terms be described as oscillations of the free electron gas, 
or from a quantum mechanical perspective as a quantum of plasma oscillation. 
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Apart from the IMFP, also the emission angle, Ө, affects the emission prob-
ability (since the emission angle affects the length of the electron path 
through the material). In the present work, the probing depth is defined as 
the emission depth including 95% of the elastically emitted electrons and it 
is given by the expression: 

 
)sin(3 θλ ⋅⋅=pd

    (3)
 

The probing depth can be varied by either changing the IMFP or the emis-
sion angle of the emitted electrons.  

Angular resolved XPS (ARXPS) can, for sufficiently flat samples, be used to 
vary the probing depth, see for example Figure 33 in a later discussion of 
depth gradients in stainless steel surfaces. For rougher samples, however, 
electron emission at a certain angle will on the microscopic scale be associ-
ated with a wide range of emission angles. This results in much less clear 
differences between ARXPS measurements acquired at different angles, as 
for example seen in the Li-ion battery ARXPS results shown in Figure .  
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Figure 13. XPS spectra of lithiated graphite samples acquired at different emission 
angles. The intensity of the graphite feature (filled feature at ~282 eV), and hence 
also the probing depth, is similar for all emission angles.  

The probing depth can also be changed by varying the IMFP. The IMFP is a 
materials specific function of the kinetic energy of emitted electrons. The 
kinetic energy of emitted electrons is related to the excitation energy, as 
Equation 1 shows. Using synchrotron radiation, the excitation energy can be 
tuned and the probing depth can hence be varied. In the present work, syn-
chrotron based hard X-ray photoelectron spectroscopy (HAXPES) measure-
ments were performed on stainless steels to obtain more depth sensitive in-
formation than ARXPS could offer (papers VI and VII). In the case of Li-
ion battery electrode/electrolyte interfaces, where ARXPS could not be used 
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to investigate depth gradients, the synchrotron based HAXPES measure-
ments were complimented by more surface sensitive synchrotron based soft 
X-ray photoelectron spectroscopy (SOXPES) measurements (papers I, II 
and V). 

Figure  shows the approximate probing depth of C1s measurements using 
different excitation energies, approximating the IMFP in the largely organic 
SEI and SPI by the IMFP in polyethylene [66]. The figure shows that the 
probing depth is varied in the 2-50 nm range when using different excitation 
energies in the 430-6900 eV range, as is the case in the present work. In the 
case of the stainless steel measurements, the IMFP was estimated from the 
TPP-2M formula [67] assuming Cr2O3 composition in the oxide layer and 
that the metal layer consisted of chromium in a matrix of iron. 
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Figure 14. Probing depth in polyethylene samples as a function of kinetic energy of 
emitted electrons [66]. The approximate 5 probing depths of the SOXPES, XPS and 
HAXPES measurements are marked by dots in the figure. 

Depth gradients can also be investigated by gradually removing material 
from the sample surface by Ar+ etching. However, such etching has in sev-
eral cases been shown to change the composition of the probed material. For 
example, Li2CO3, a commonly suggested SEI component, has been observed 
to convert into Li2O upon Ar+ etching [39].  Furthermore, different Ar+ etch-
ing rates apply to different interface components. In stainless steels, for ex-ample, chromium and iron are etched faster than molybdenum. Ar+ etch-ing may thus induce artificial gradients in the sample. To avoid such etch-

                                                 
5 The probing depth of the HAXPES and XPS measurements varied somewhat for different 
core level measurements, since the same excitation energy was used to probe all core levels. 
For example, the probing depth of the 2300 eV HAXPES measurements varied in the 15-18 
nm range (approximating the IMFP by IMFP in polyethylene). The Figure shows the probing 
depth of C1s core level measurements. 
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ing induced artifacts, no results of Ar+ etching depth profiling experiments 
are included in this thesis. 

Spectrum interpretation 
A main strength of photoelectron spectroscopy is its ability to provide in-
formation about the chemical environments in a surface through detecting 
smaller binding energy differences between electrons emitted from the same 
element, referred to as chemical shifts. This is often made by comparing the 
observed binding energies to references. To correctly interpret photoelectron 
spectroscopy spectra of SEI layers, it is essential to, e.g., realize the influ-
ence of differences in energy scale calibration procedures on the binding 
energy of different core level features. 

Chemical shifts 
The “chemical shift” refers to the smaller variations in binding energy of 
electrons emitted from the same element but from atoms with different 
chemical environments. The binding energies of one and the same com-
pound can in the SEI literature be found to vary by several electron volts 
[29]. To avoid erroneous peak assignments, it is important to keep the origin 
of the chemical shift in mind.  

The chemical shift is due to a combination of initial state effects and final 
state effects. Initial state effects can be explained by the differences in va-
lence electron screening of the nuclei of atoms in different chemical envi-
ronments [68]. When the valence electron density at an atom decreases due 
to, e.g., bonding to a more electronegative element, the core level electrons 
will experience a slightly stronger Coulomb interaction with the nuclei. That 
is, the lower the valence electron density at the atom under consideration, the 
higher the binding energy of its core level electrons, and vice versa. Also 
final state effects, i.e. effects related to the electron configuration after pho-
toelectron emission such as screening also contribute to the chemical shift. 

Energy scale calibration 
Photoelectron spectroscopy measurements require electron emission from 
the probed material. In the case of non-conductive samples, the supply of 
electrons from the bulk material can be insufficient to fully compensate for 
the electrons emitted from the surface in the photoemission process. This 
leads to sample charging, and the need to calibrate the energy scale using an 
internal calibration. For example, the energy scale calibration may be per-
formed using a certain well defined spectral feature such as the hydrocarbon 
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C1s feature, which is simply set to a specific value. The other spectra are 
then shifted accordingly.  

In paper IV, the graphite feature and the SEI features were observed to shift 
with respect to each other in samples stopped at different states of charge. 
This means that, when calibrating SEI spectra, the choice of using a spec-
trum feature corresponding to the substrate feature or a feature correspond-
ing to the SEI is highly important.  

A range of different effects, including differential charging, work function 
changes, initial and final state effects, may contribute to the binding energy 
shifts seen in samples stopped at different states of charge. Two different 
possible contributions to the observed binding energy shifts were discussed 
more specifically in paper IV; shifts related to lithium intercalation into 
graphite and shifts related to a potential drop across the electric double layer 
at the graphite/SEI interface.  

After the onset of lithium intercalation, the graphite feature will experience 
an intercalation related shift. In the literature, an increased binding energy 
vs. the Fermi level of about 0.8 eV and a decreased binding energy of 0.8 eV 
vs. the vacuum level have been reported upon chemical lithiation in vacuum 
[69].  

Vacuum level measurements are significantly more complex than Fermi 
level measurements, and the data on the C1s core level binding energy of the 
lithiated graphite feature with respect to the vacuum level are hence associ-
ated with a considerable uncertainty. However, in the present experiment, 
the observed binding energy shift of the C1s graphite feature seen on the first 
lithiation (that is on charging from 3.0 V to 3.3 V) was 1.1 eV towards lower 
binding energy. Wertheim et al. proposed a binding energy shift of 0.8 eV 
towards lower binding energy with respect to the vacuum level on lithium 
intercalation into graphite. These shifts are in the same direction, and of sim-
ilar magnitude. In the following, we will continue to discuss shifts refer-
enced vs. the vacuum level, i.e. shifts including possible changes in the work 
function of the materials.  

The results presented in paper IV show that the graphite feature after de-
lithiation remains at a binding energy (282.2-4 eV) more similar to the lithi-
ated graphite position (282 eV) than its position in spectra of samples 
stopped at 3.0 V prior to the first lithium intercalation (283.2 eV). A substan-
tial shift is hence observed in delithiated samples compared to non-lithiated 
samples stopped at a similar potential. This might be related to that some 
lithium remains in the deintercalated graphite due to the balancing of the 
electrodes in the cells. This would be in agreement with the more pro-
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nounced lithium intensities observed in samples stopped at 3.0 V prior to 
lithiation compared to in delithiated samples stopped at 2.7 V. 

Also, e.g., shifts related to a double layer at the graphite/SEI interface may 
affect the relative position of the graphite and SEI features on the binding 
energy scale. Whenever the electrode potential of a substrate deviates from 
its potential of zero charge, an electric double layer will form. When the 
graphite electrode is lithiated, its potential will decrease to potentials lower 
than the potential of zero charge of the graphite electrode. An electric double 
layer, consisting of electrons accumulated in the surface of the graphite and 
positively charged species like lithium ions accumulated just outside the 
surface, will then form. As a consequence of the potential drop across the 
double layer, the energy of the graphite based electrode will shift versus the 
vacuum level, i.e. a lower binding energy vs. the vacuum level will be ob-
served. Possibly, also the shift (1.2 eV) between the features attributed to 
graphite and hydrocarbon seen already in samples stopped at 3.0 V (i.e. prior 
to lithium intercalation) could be related to such shifts.  

To sum up, this section aimed to explore some possible contributions to the 
binding energy shift of the graphite feature versus the SEI C1s feature when 
stopped at different states of charge.  

Composition analysis 
Photoelectron spectroscopy can be used as a tool for quantitative composi-
tion analysis. To quantify the relative amounts of different elements in the 
sample surface, the relative probabilities of electron emission from the dif-
ferent core levels must be considered. Furthermore, the differences in the 
probing depth related to the IMFP:s for electrons with different kinetic ener-
gies must be accounted for.  

In the Li-ion battery measurements, the relative intensity, Ii, (also referred to 
as relative amounts) of a certain component, i, was determined from the 
spectrum area, Ai, the polyethylene IMFP:s, λi, [66] and the Scofield sections, 
σi, [70], compared to the sum of the corresponding terms for the other com-
ponents, as described by Equation 4. 

 

 (4) 

 

In the set-up used for the Li-ion battery studies, the influence of the kinetic 
energy dependent transmission factor of the analyzer, T(Ek), were considered 
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negligible based on the relative small differences in kinetic energies and 
hence it was set to one for all energies. In the more detailed analysis of the 
stainless steel measurements, the differences in transmission was calculated 
as either the kinetic energy raised to the power of 0.7, giving good agree-
ment with bulk composition data, or using the transmission function speci-
fied by the manufacturer for the particular combination of analyzer and slit 
widths during the experiment.   

Apart from the relative probabilities of electron emission from the different 
core levels, also the relative intensities of the X-ray beam at different excita-
tion energies must be known to estimate the relative amounts of the elements 
in the sample. For the SOXPES measurements, where different excitation 
energies were used to probe different core levels, no composition analysis 
could be performed since no reproducible measurements of the relative in-
tensities of the incident X-ray at different photon energies could be per-
formed.  

Estimating thicknesses 
The probability of elastic electron emission decreases exponentially with 
emission depth, i.e. the probability that photoelectrons will avoid inelastic 
scattering prior to electron emission. This probability is described by the 
IMFP, as defined by Equation 2. Using the definition of the IMFP, the thick-
ness of over-layers, d, can be estimated based on the relative intensity of 
bulk components, Ibulk (Equation 4). Ibulk is equal to the fraction of the de-
tected elastically emitted electrons, which were emitted from the bulk:  

 

            (5)

 

 

For graphite anodes from Li-ion battery cells, the depth dependent bulk ma-
terial concentration, cbulk(x), can be approximated to 1 for depth greater than 
the SEI thickness, dSEI. That is, below the depth dSEI, the electrode is ap-
proximated to consist of LiCx (where x depends on the SOC of the sample) 
only. At depths smaller than dSEI, all deposited material is considered as SEI, 
that is the SEI thickness includes binder, electrolyte rests as well as electro-
lyte products. The mean free path of the sample was approximated by the 
IMFP in polyethylene [66]. Possible SEI porosity is disregarded. Using these 
approximations, Equation 5 can be rearranged to: 

                                                                (6) 
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The thickness of the oxide layer on stainless steels, dox, can be determined in 
a similar way as the SEI thickness. Based on the ratio of the expressions for 
the relative intensities of the oxide layer, Iox, and the metal, Imet, the thickness 
of the oxide layer can similar to the graphite SEI thickness be calculated 
from the relative intensities of the different oxide and metal species [55,71]: 

 
  
                                                     (7) 

 

Since not only the passive layer thickness but also the concentration of the 
element under consideration in the oxide layer, cox, is unknown, the oxide 
layer thickness cannot be calculated from Equation 7 alone. Also the expres-
sions for the concentrations of the different metals in the oxide layer are 
therefore used: 

 
 

                                      (8) 

  

The oxide layer thickness, as well as the concentrations of the different metal 
ions in the oxide layer, is found by assuming an approximate oxide layer 
thickness as a starting point and looping Equations 7 and 8 until the results 
between two consecutive loops differ less than a pre-defined limit.  

Also the thickness of the nickel enriched layer underneath the oxide film was 
calculated for the stainless steel samples, using a method described in paper 
VI. In brief, starting from the definition of the mean free path, and assuming 
constant concentrations of the different metals within the nickel enriched 
layer, the thickness of the nickel enriched layer, a ,as well as the apparent 
concentrations of the different metals in the layer, ci

I, were determined by 
fitting the obtained expression to the relative intensities obtained in meas-
urements using four different excitation energies. The data were fitted to 
minimize the expression 

 
(9) 
 
 

where cij
app is the detected apparent metal concentration of element i using 

excitation energy j and ci
bulk is the bulk concentration of element i as stated 

by the manufacturer.  
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Due to uncertainties in the signal from the iron phosphate, the SPI thickness 
could not be estimated based on the bulk material signal. Instead, the SPI 
thicknesses were estimated based on the probing depth of the most surface 
sensitive measurement where the phosphate signal in the lithium iron phos-
phate was clearly visible. 
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Present insights into SEI and SPI layers 

The present work compares the graphite SEI and the iron phosphate SPI. The 
contributions of the binder are highlighted and discussed. State of charge 
(SOC) related variations in the graphite SEI as well as the growth mecha-
nism of the iron phosphate SPI are discussed. Special attention is paid to 
SOC-related changes in the relation between the (lithiated) graphite and the 
SEI.  Also the SPI growth mechanism is discussed. The influence of the 
film-forming PMS additive on depth gradients in the SEI, SOC-related varia-
tions at the anode/electrolyte interface, as well as the SPI are discussed. Fi-
nally, the SEI and SPI on electrodes from cells cycle-aged at 22°C and 55°C, 
respectively, are compared using an ISO synthetic hybrid drive cycle [72], 
and the possible changes in electrolyte composition due to cycling procedure 
and temperature are discussed. 

Depth gradients in the SEI and SPI layers 
Figure  and Figure  show the results of HAXPES and SOXPES measure-
ments with varying depth sensitivity on lithiated graphite and delithiated iron 
phosphate electrodes recovered from a cell cycled 3.5 times, which were 
presented and discussed in paper I.  

In both the SEI and SPI spectra, the contribution of the active materials 
(lithiated graphite and delithiated iron phosphate, respectively) clearly in-
creased with probing depth. Apart from that, no obvious depth gradients 
were observed in the lithium iron phosphate SPI. In the graphite SEI, how-
ever, some depth gradients were observed. More pronounced C-O and C-H 
contributions were observed in the most surface sensitive measurements 
while the O1s Li2O, F1s LiF, P2p and P1s P-O/P=O and O1s ROLi contribu-
tions to their respective core level spectra were more pronounced in the more 
depth sensitive measurements.  

The more pronounced C-O and C-H contributions in the outermost SEI can 
be related to preferential deposition of lithium alkyl bicarbonates, which 
have been shown to be among the most stable EC reduction products [28]. 
Also polyethers, forming on carbon dioxide release from polycarbonates 
formed in, e.g., PF5 catalyzed EC ring opening reactions may contribute to 
the more pronounced C-O signal from the outermost SEI [31]: 
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Figure 15. Delithiated iron phosphate PES spectra. The features of the carbon coated 
active material are highlighted by dashed lines in the figure. The excitation energies, 
along with the probing depth, are indicated in the top left corner of the respective 
spectrum. Spectra are normalized by the area of the respective elemental signal. 
Increasing probing depth is indicated with an arrow. 

Possible preferential deposition of Li2O in the vicinity of the graphite may be 
related to the higher reductive power closer to the graphite. In a molecular 
dynamics study, Li2O was concluded to be one of the most common EC 
reduction products, forming on decomposition of lithium carbonate acting as 
an intermediary EC reduction product [73].  
 

COOLieLiCOLi +→++ −+
232 222    
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However, as discussed in Paper IV as well as in a later section of the pre-
sent thesis, Li2O may also form through, e.g., reactions between the lithiated 
graphite and oxygen in the glovebox. 

The O1s shoulder is attributed to ROLi environments in, e.g., lithium ethox-
ide forming in DEC reduction reactions:   

⋅+→++ +−
2232332223 COCHCHOLiCHCHLieCHCHOCOCHCH  

Also other species may contribute to the 530.2 eV shoulder. For example, 
the Li-O bond containing LiO(CH2)2CO2(CH2)2OCO2Li has in density func-
tional theory (DFT) studies been concluded to be one of the most stable EC 
reduction products [28]. 
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Figure 16. Lithiated graphite PES spectra. Observed depth gradients are highlighted 
by dashed lines in the figure. The excitation energies, along with the probing depth, 
are indicated in the top left corner of the respective spectrum. Spectra are normal-
ized by the area of the respective elemental signal. Increasing probing depth is indi-
cated with an arrow. 
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Also the more pronounced P-O/P=O contribution to the more bulk sensitive 
phosphorous spectra may be related to alkoxides, which may react with 
POF3 gas formed in the LiPF6 decomposition reactions [74]: 

 

xx CHOCHOPFxLiFCHxLiOCHPOF )( 323323 −+→+  

The SEI and SPI depth gradients are analyzed in more detail in paper I. The 
results are summarized in the schematic pictures of the SEI and SPI layers 
shown in Figure . In the SPI, no obvious depth gradients were observed. In 
the SEI, C-O and C-H compounds, such as lithium alkyl bicarbonates are 
preferentially found in the outermost SEI while, e.g., Li2O, P-O and ROLi 
compounds were found in the deeper parts of the SEI. 
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Figure 17. Schematic pictures of a) the SEI on a lithiated graphite anode and b) the 
SPI on a carbon coated delithiated lithium iron phosphate cathode, as seen in PES 
measurements.  

The binder as a part of the SEI and the SPI 
In the present work, Kynar ® (vinylidene fluoride trifluoroethylene co-
polymer) was used as a binder. Since the –CF3 feature of the binder appears 
at high binding energies (~293 eV) where no electrolyte decomposition 
products are expected to contribute to the spectra, the binder contribution 
could be separated from other contributions. Figure  shows a close up of C1s 
spectra acquired in photoelectron spectroscopy measurements with different 
probing depths, which were presented in paper I. The spectra were normal-
ized to show the relative intensities of the ~293 eV contributions to the dif-
ferent C1s spectra. Interestingly, the binder is visible at all probing depths. 
This may indicate that electrolyte degradation products are deposited within 
the porous binder structure, and that the binder hence can be regarded as a 
matrix for the SEI. 
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Figure 18. Close up of the -CF3 features in lithiated graphite C1s PES spectra. The 
spectra were normalized by the area of the full C1s elemental signal. The excitation 
energies and probing depths are shown in the top left corner of the respective spec-
trum. Increasing probing depth is indicated with an arrow. 

To gain further insight into the role of the binder in the SEI, composite elec-
trodes with binder and graphite powder with no binder added were cycled in 
Swagelok cells, and compared using HAXPES. The results are shown in 
Figure 18. Interestingly, the spectra of the cycled composite electrode and 
the cycled graphite powder are similar. This indicates that the SEI thickness 
is similar for samples with and without binder. Hence, a hypothesis that the 
SEI thickness would be limited by the available space within the porous 
binder could be discarded. 
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Figure 19. HAXPES spectra (2300 eV) of lithiated graphite powder and composite 
electrodes cycled for 1.5 cycles in a Swagelok cell. 

SEI and SPI thicknesses 
The SEI thickness can be estimated based on the intensity of the LiCx C1s 
signal (at ~282 eV), as described in the methodology section. Variations 
between the estimated thicknesses of the SEI on samples stopped at the same 
electrochemical state were observed. However, the calculated SEI thickness 
of samples stopped at 4.2 V was higher than the calculated SEI thickness of 
samples stopped at 2.7 V. In paper IV, the SEI thickness was estimated to 
15 nm for samples stopped at 2.7 V after either the first of third cycle, and to 
19 nm/17 nm for samples stopped at 4.2 V after the first/fourth charge. 

The cathode SPI was estimated based on the probing depth of the most sur-
face sensitive measurement where it could be clearly observed. In paper I, 
the SPI thickness was estimated to be a few nanometers thick, i.e. about an 
order of magnitude thinner than the SEI. No SOC-related variations in the 
SPI thickness could be observed. 

State of charge related variations at the graphite surface 
In paper IV, SOC-related variations in the relation between the graphite and 
the SEI were discussed. The observed binding energy variations were dis-
cussed in the methodology section of the present thesis. Here we will elabo-
rate on the variations in the graphite intensity, which can be linked to varia-
tions in lithium intensity, as well as variations in Li2O deposited at the 
graphite surface and its possible connection to the variations in lithium in-
tensity. 
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Relation between the graphite and lithium signals 
In paper IV, pronounced SOC- related variations in the intensity of the LiCx 

feature were clearly observed.  

Interestingly, the variations in the LiCx C1s feature were found to roughly 
match the variations in lithium intensity, as shown in Figure 19.  
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Figure 20. Relative amounts of graphite and different elements in the SEI in samples 
from cells stopped at different states during the first four cycles.   
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Figure 21. C1s and Li1s spectra (2300 eV) of lithiated graphite electrodes cycled 3.5 
times. Similar intensities are seen in the C1s and Li1s spectra of the highlighted 
LiCx/Li contributions, which is interpreted as lithium enrichment at the graphite 
surface.. 



 

 46 

The results in Figure 19 indicate that the SOC-related variations in estimated 
SEI thickness largely rely on accumulation of lithium. Assuming LiC6 com-
position in samples stopped at 4.2 V and fully delithiated graphite in samples 
stopped at 2.7 V, the magnitude of the variations in lithium intensity related 
to lithium intercalation and deintercalation from graphite would be expected 
to be only one sixth of the magnitude of the graphite intensity. However, as 
shown in Figure 20, the intensities of the C1s LiCx and Li1s LiCx/Li features 
were more similar, which could imply lithium accumulation in the lithiated 
graphite surface.  

SOC-related variations in the Li2O signal 
In paper IV, obvious SOC-related variations in the Li2O signal were ob-
served. The Li2O contribution was found to be more pronounced in lithiated 
compared to delithiated graphite spectra, as seen in Figure 21.  
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Figure 22. O1s HAXPES spectra (6900 eV excitation energy) of graphite electrodes 
stopped at different states during the first four cycles. 
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The Li2O contribution was found to be more pronounced in lithiated com-
pared to delithiated graphite spectra. Since Li2O in paper I was concluded to 
reside close to the graphite, and the SEI thickness estimates indicated that 
increased amounts of material was deposited onto lithiated compared to de-
lithiated graphite, these results indicate that more Li2O resides in the lithiated 
compared to the delithiated graphite interface.  

Oxides of many materials have on lithiation and delithiation been shown to 
undergo reversible conversion reactions generating Li2O [75], and mild oxi-
dation of graphite has previously been shown to decrease the irreversible 
capacity of graphite anodes [76]. It could hence be speculated that Li2O 
could originate from conversion reactions involving surface groups on the 
lithiated graphite. To test this, untreated graphite powder and graphite pow-
der heat treated for one hour at 550°C were cycled in Swagelok cells and the 
Li2O signals were compared.  
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Figure 23. Untreated and oxidized (at 550 °C) graphite powder compared in a) 
1486.7 eV XPS O1s measurements of the uncycled powders and b) 2300 eV HAX-
PES O1s measurements of lithiated graphite samples from 1.5 times cycled 
Swagelok cells. The spectra in each figure were normalized to show the relative 
oxygen intensities in the untreated and oxidation treated powder spectra, respec-
tively. 

The effects of the oxidation treatment could clearly be seen in the oxygen 
content and speciation of the powders, as shown in the XPS spectra depicted 
in Figure 22a. Also the electrochemical capacity of the powders was tested; 
for the oxidation treated powder only half of the cycling capacity (compared 
to that of the untreated powder) was obtained. However, similar Li2O contri-
butions were seen in O1s spectra recorded by HAXPES at 2300 eV of oxida-
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tion treated and non-treated powder (see Figure 22b). Hence, this test hence 
gave no evidence that an oxidized graphite surface would be involved in the 
formation of Li2O during cycling. 

The variations in Li2O intensities between lithiated and delithiated samples 
might possibly be an artifact related to reactions between the lithiated graph-
ite, or lithium rests in the delithiated graphite, and trace amounts of O2 in the 
glove box. A 1 ppm O2 level is translated to thousands of Langmuirs in sec-
onds. As Figure 23 shows, also O1s spectra of untreated lithium foil from the 
glovebox exhibits an obvious Li2O feature, supporting that Li2O may form in 
reactions between the lithium foil and the glovebox atmosphere. However, 
further studies would be required to gain improved insight into the SOC-
related variations in the Li2O intensities. 

536 532 528 524
Binding energy / eV

Li2O

 
Figure 24. O1s core level XPS spectra of lithium foil stored in an argon filled glove-
box (≤ 1 ppm H20, < 3 ppm O2). 

 SPI growth mechanism 
Larger amounts of electrolyte products are deposited in the elec-
trode/electrolyte interface of cycled compared to uncycled LiFePO4, as de-
scribed in paper I. Especially the C-O and P-F signals were more pro-
nounced in the cycled compared to the uncycled cathode/electrolyte inter-
face, as shown in Figure 24. Such chemical environments were also found to 
be more common in the outer compared to the inner SEI (see Figure 16). 
Possibly, this similarity might be related to changes in electrolyte composi-
tion during cycling associated with, e.g., dissolution of compounds formed 
in reactions at the anode.  
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Figure 25. HAXPES spectra (2300 eV) of uncycled and cycled iron phosphate cath-
ode/electrolyte interfaces. The spectra were normalized to show the relative intensi-
ties of the different species. The C-O and P-F features, which were considerably 
more pronounced in the spectra of the cycled sample, are highlighted in the figure. 

To account for the continued SPI growth observed during cell cycling, the 
SPI has been proposed to be incompletely covering the cathode material 
[77]. If the growth of the SPI on iron phosphate is largely associated with 
changes in the electrolyte composition, no assumption of an incompletely 
covering SPI is necessary. 

No state of charge related variations in the SPI were observed. 

Influence of a film-forming additive: PMS 
In paper V, the SEI and SPI on electrodes from standard electrolyte cells 
(same as above, EC:DEC 2:1, 1 M LiPF6) were compared to cells with the 
same base electrolyte, but with the addition of 1 wt% of the film-forming 
additive propargyl methanesulphonate (PMS). 

Cyclic voltammetry (CV) data (Figure 25) show that for the PMS sample, 
the feature attributed to decomposition of PMS [78] is significantly more 
pronounced than the feature attributed to decomposition of the carbonate 
solvents (the feature overlapping with the major feature seen in the CV for 
the reference sample without PMS additive).  
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Figure 26. Close up of cyclic voltammetry data of graphite/LiFePO4 cells with (red) 
and without (black) PMS. The features attributed to PMS and solvent decomposi-
tion, respectively, are highlighted in the figure. 
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Figure 27. C1s and O1s spectra with different depth sensitivity showing major dif-
ferences in depth gradients in the SEI on samples from cells cycled with and without 
PMS additive.  

In spite of the apparent major contribution from the decomposition of PMS 
seen in the CV data, the photoelectron spectroscopy spectra of samples with 
and without PMS additive were found to be similar. However, in the C1s and 
O1s depth profiles, shown in Figure 26, some interesting differences were 
observed. Compared to the standard electrolyte reference sample, the PMS 
sample measurements indicate: 
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1. A thicker SEI (since the graphite feature is less visible); the lithiated 
graphite SEI was for PMS samples estimated to 24 nm, compared to 
18 nm for the reference sample without PMS additive. 

2. An SEI richer in C-C/C-H and C-O components. 
3. Smaller depth gradient in the CO3/C-O ratio. 
4. Presence of a small amount of sulphur species (~0.3%), which to some 

extent appears to react to form lower binding energy species proposed to 
correspond to lithium methanesulphonate. 

5. Smaller differences in the amount of lithium detected in samples stopped 
in lithiated and delithiated state.  

The apparent differences in the amounts of Li2O and ROLi in the samples 
may be related to the different SEI thicknesses for the sample cycled with 
compared to without PMS additive. Since the depth profiles show that these 
compounds deposit in the deeper parts of the SEI, smaller Li2O and ROLi 
signals would have been expected from the sample with the thicker SEI also 
if identical amounts of these compounds would deposit in the standard elec-
trolyte and PMS samples. It can hence be concluded that the access to depth 
profiles in this case helps prevent possible erroneous conclusions. 

A possible mechanism for PMS reduction has previously been proposed by 
Abe et al. [78]. PMS was then proposed to decompose to a methasulphonate 
anion and a triple bonded radical. Based on observations 2-4 above, the PMS 
decomposition mechanism was here expanded to a possible reaction scheme 
for PMS decomposition, which is shown in Figure 27.  

 

 
Figure 28. A proposed reaction scheme for PMS decomposition. 

According to the proposed decomposition mechanism in Figure 27, the radi-
cal produced on PMS decomposition induces chain reactions polymerizing 
the electrolyte solvent, which could explain similarities in spectra of the SEI 
on samples from cells with and without PMS additive. A possible dominant 
role of polymerization reactions in SEI formation in PMS cells is in agree-
ment with the small amount of sulphur observed in the SEI, combined with 
the CV indicating that PMS decomposition reactions dominate SEI forma-
tion.  
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In standard electrolyte cells, EC reduction is believed to largely contribute to 
SEI formation. Several different reduction pathways leading to formation of 
compounds with different C-O/CO3 ratios are believed to be possible, and 
their likelihood is dependent on the reducing power at the site of formation. 
If the mechanism in Figure 27 is dominant for PMS samples, no depth gradi-
ents in SEI composition related to differences in the reducing power at dif-
ferent depths are expected since only one reduction pathway is proposed. 
This may contribute to the smaller depth gradient in the C-O/CO3 ratio in 
PMS compared to those for the reference samples. 

On EC reduction, evolution of ethene gas has been proposed to occur [79]. 
PMS-based SEI formation according to the reaction scheme in Figure 27 
does not involve such evolution of ethene gas. Hence, it might be speculated 
that the greater hydrocarbon intensities observed in the surface of the PMS-
cycled samples could be related to possible decreased evolution of ethene 
gas.  
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Figure 29. Relative intensities of different components detected in HAXPES 
(2300 eV) measurements on delithiated LiFePO4 from cells cycled with and without 
PMS additive. The lithium and iron contributions are excluded from the graph. 

Not only the SEI but also the SPI was influenced by the addition of PMS to 
the electrolyte. A larger amount of material was found to be deposited in the 
SPI of electrodes from cells with PMS additive, as seen from the less pro-
nounced PO4 features in the PMS sample spectra in Figure 28. The SPI on 
the two types of samples was observed to consist of similar components; 
more pronounced C-O and P-F features were observed in the SPI of cells 
with PMS additive. No effects indicating oxidation of sulphur species at the 
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cathode were observed. Similar to the standard electrolyte case, no depth 
gradients were observed in the SPI of the lithium iron phosphate cycled with 
PMS-electrolyte.  

SEI and SPI of cells cycle-aged to EOL 
Paper III compares cells cycle-aged to end of life (EOL) at 22 °C and 55 °C 
using an ISO synthetic hybrid drive cycle [72]. Several properties, such as 
capacity loss, impedance and electrode/electrolyte interface composition, 
were found to differ between samples aged to EOL at the two temperatures. 
These observations are important to bear in mind when interpreting results of 
aging at elevated temperature, which is commonly employed as a method for 
accelerated aging [80]. Accelerated aging at elevated temperature is not only 
faster than aging at ambient temperature; it also produces a different result. 
This can be related to the different temperature dependency of the various 
different degradation mechanisms into play inside a Li-ion battery. 

Also the observed similarity between the SEI and the SPI (see Figure 29) is 
interesting. These changes may be related to changes in electrolyte composi-
tion during cell cycling.  

Interestingly, in cells calendar aged at 55 °C (see Figure 30) where the most 
pronounced oxygenation of LiPF6 decomposition products were observed in 
cycle-aged samples, distinct differences between the anodes and cathodes 
were observed. The calendar-aged cell spectra were much more similar to 
reference spectra of electrodes from cells which had only been pre-cycled (6 
cycles at C/10, see paper III). These results indicate that the changes in 
electrode/electrolyte interface composition are largely related to cycling. In 
literature, oxygenated LiPF6 decomposition products have been proposed to 
form in reactions between PF5, formed on LiPF6 decomposition, and alkox-
ides formed on DEC reduction [34]:  

     
 

In the literature, deposition of halophosphates in the pores of the separator 
used in the battery has been proposed to account for the increased impedance 
as shown for separators harvested from cells cycle-aged at elevated tempera-
ture [35], and similar processes have been proposed to contribute to the in-
creased impedance of aged electrodes [16]. In the present study, pronounced 

LiFPFLiPF +→ 56

⋅+→++ +−
2232332223 COCHCHOLiCHCHLieCHCHOCOCHCH

LiFRFPOFOLiCHCHPF ++→+ 3235
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differences between the electrode/electrolyte composition of cells calendar-
aged and cycle-aged at 55 °C were observed. However, the impedance and 
capacity loss of the 55°C calendar-aged and cycle-aged cells were similar. 
Hence, it can be concluded that the observed differences in the elec-
trode/electrolyte interface compositions of calendar-aged and cycle-aged 
cells do not have a major influence on cell impedance and capacity loss be-
havior. 
 

 
Figure 30. XPS spectra of negative and positive electrodes cycle-aged to end of life 
at 22 °C and 55 °C using a synthetic hybrid drive cycle and stopped at 60% SOC. 
The spectra were normalized to show the relative intensities of the different ele-
ments. 
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Figure 31. XPS spectra of a) anodes and b) cathodes calendar-aged at 55 °C at 60% 
SOC. The spectra were normalized to show the relative intensities of the different 
elements. 

 
 

 



 

 56 

Present insights into passive layers on stainless 
steels 

In the present work, the new opportunities offered by HAXPES were used to 
investigate stainless steels. In comparison to the electrochemically modified 
Li-ion battery electrodes, these samples are less sensitive to the measurement 
conditions. This makes the sample handling procedure and PES measure-
ments simpler. In the context of this thesis, we will specifically discuss the 
results of calculations of the thickness of overlayers, which were first per-
formed for stainless steels and later introduced also for Li-ion battery sam-
ples.  

Using the increased depth sensitivity of HAXPES compared to conventional 
XPS, the thickness of the nickel enriched metal layer below the oxide layer 
and on top of the bulk metal could be estimated. Figure 31 shows the appar-
ent nickel metal concentration as a function of probing depth for the differ-
ent stainless steels. Similar trends are seen for the two steels. The apparent 
nickel metal concentration decreases with increasing probing depth, in 
agreement with that nickel is enriched in the outermost parts of the metal. 
Based on the results shown in Figure 31, the nickel enriched layer was esti-
mated to 0.5-0.6 nm in the different samples, using the method described in 
the methodology section. 
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Figure 32. Apparent nickel metal concentration as a function of probing depth for 
304L and 316 L stainless steels polarized at 0.6 V vs. Ag/AgCl.  

The estimated passive layer thicknesses in the different examined samples 
varied in the 1-4 nm range. The passive layer thickness depends on the elec-
trochemical treatment of the sample. On the 316L steel, which was examined 
after polarization to several different potentials, the passive layer was based 
on ARXPS results at 85° estimated to 2.4 nm for the sample polarized at 0.2 
V, 2.6 nm for the sample polarized at 0.6 V and 4.0 nm for the sample polar-
ized at 1.0 V.  

Figure 32 shows the distribution of different metal ions as a function of 
probing depth in the 316L steel polarized at 0.6 V applied using an Ag/AgCl 
reference electrode. The figure shows that molybdenum oxides were rela-
tively evenly distributed within the passive film. Furthermore, as expected, 
chromium (III) hydroxide and to a lesser extent also chromium (III) oxide is 
enriched at the surface of the passive film. 
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Figure 33. Relative contributions different metal ions as a function of probing depth 
in the 316L stainless steel polarized at 0.6 V vs. Ag/ AgCl. 
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Conclusions 

In the present work, especially Li-ion batteries but also in stainless steel 
interfaces have been studied. By combining soft and hard X-ray photoelec-
tron spectroscopy and developing experimental procedures to handle the 
sensitive Li-ion battery electrode surfaces, the following results have been 
obtained:  

The HAXPES/SOXPES depth profiling study confirms the presence of depth 
gradients in the anode SEI; C-H and C-O compounds were found to prefer-
entially deposit in the outermost SEI, while Li2O, LiF, ROLi and P-O/P=O 
compounds were preferentially found in the innermost SEI. No obvious 
depth gradients were found in the cathode SPI. 

The binder is present throughout both the SEI and the SPI. This indicates 
that the electrolyte products deposit within the porous binder structure rather 
than only on top of the binder. However, the presence of binder does not 
appear to influence the SEI thickness. Hence the SEI formation does not 
appear to be limited by the available volume within the porous binder struc-
ture. 

HAXPES can be used to determine the thickness of thicker or deeper lying 
overlayers compared to conventional XPS. The thickness of the nickel en-
riched metal layer underneath the oxide layer was estimated to 0.5-0.6 nm. 
The SEI on electrodes form cells stopped after the third cycle was estimated 
to be two tens of nanometers thick, and a few nanometers thinner in delithi-
ated compared to lithiated samples. 

The SOC-related variations in estimated SEI thickness could largely be re-
lated to variations in lithium intensity. The variations in the reduced lithium 
intensity could not be fully attributed to lithium intercalation into graphite to 
LiC6 stoichiometry. This is attributed to lithium enrichment at the graphite 
surface and/or lithium plating. 

SOC-related variations were also observed in the relative position of the 
graphite and SEI features on the binding energy scale. To facilitate correct 
interpretation of photoelectron spectroscopy spectra, it is therefore recom-



 

 60 

mended to select an SEI feature rather than the graphite feature for calibrat-
ing the energy scale. 

Observed similarities between the SEI and SPI indicate that material depos-
ited in the SPI might be formed elsewhere in the battery. If so, no assump-
tion of an incompletely covering SPI layer is necessary to account for the 
continued growth of the SPI during cycling. 

Using a film-forming PMS additive, thicker SEI and SPI layers were ob-
tained. The smaller differences in the composition of the SEI may be related 
to solvent polymerization reactions initiated by PMS decomposition prod-
ucts. 

On air exposure, the lithiated graphite is proposed to partially delithiate and 
form lithium hydroxide. Also volatile species are proposed to react on expo-
sure to air and form less volatile, organic species. 

Finally, cells cycle-aged to end of life at 22°C and 55°C differ in a number 
of respects, including electrode/electrolyte interface composition, impedance 
and capacity loss. That is, aging at elevated temperature is not only faster, 
but also produces a different result. This is important to take into account 
when using accelerated aging at elevated temperature as a tool to predict cell 
aging at ambient temperature.  
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Suggestions for further studies 

There are still ample improvements needed for better understanding the sur-
face chemistries occurring in Li-ion batteries and in stainless steels. The 
obvious thing would be to study interface formation in situ during in oper-
ando electrochemical treatments but this is still difficult. The questions stud-
ied in this thesis have lead to a number of new issues that all need more at-
tention, as described in the following: 

Further investigations into the possibility of a lithium enriched graphite sur-
face would be highly interesting. More detailed HAXPES measurements of 
the Li1s core level would be interesting. Furthermore, depth gradients in the 
lithium content would be interesting to explore.  

To better understand the state of charge related shifts in the binding energy 
of the graphite feature, dedicated measurements including measurements of 
the valence band to gain information about the electron structure around the 
Fermi level and if possible also the vacuum level would be interesting. Fur-
thermore, also measurements of samples stopped at other potentials, such as 
charged samples stopped prior to SEI formation, would be interesting. 

The results of several experiments presented in the present work imply that 
changes in electrolyte composition contribute to, e.g., changes in SPI com-
position during cycling and maybe also to cell performance. Therefore, 
combined studies of changes in electrolyte composition (studying, e.g., the 
separator and hence enabling the use of photoelectron spectroscopy also for 
the electrolyte studies and thus facilitating the comparison) and the elec-
trode/electrolyte interface compositions would be interesting. 

To gain insight into the deeper parts of the aged SEI and SPI layers, it would 
be interesting to investigate such samples using HAXPES. 

Finally, aiming for prolonged life-time of Li-ion batteries, systematic studies 
of how a range of different parameters affect the electrode/electrolyte inter-
faces, as well as how differences in the electrode/electrolyte interface com-
position are related to the electrochemical performance, would be valuable. 
Since the measurement results can be largely influenced by the measurement 
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conditions, it is essential that the compared samples are examined  using the 
same experimental procedure. 
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Populärvetenskaplig sammanfattning 

Termodynamiskt sett borde det inte gå att använda dagens litiumjonbatterier. 
Eller rostfria stål. Ändå funkar de. Litiumjonbatterier används i t.ex. mobil-
telefoner och bärbara datorer, och i (än så länge) liten skala som ersättning 
för bensin i fordon. Rostfritt stål används i allt från gafflar till Eiffeltorn. Det 
kan vi tacka nanometertjocka passiveringsskikt, som bromsar oönskade reak-
tioner, för.  

I den här avhandlingen tittar vi på passiveringsskikt på litiumjonbatterielek-
troder och på rostfritt stål. Genom att kombinera olika typer av fotoelektron-
spektroskopi har mätdjupet varierats mellan ca 2 och 50 nanometer. På så vis 
har vi undersökt hur sammansättningen skiljer sig på olika djup i passive-
ringsskikten, och t ex uppskattat tjockleken på dem.  

Passiveringsskiktet på den negativa elektroden i litiumjonbatterier kallas för 
SEI. Det bildas genom att batteriet offrar lite elektrolyt som reagerar och 
bildar ett passiveringsskikt. SEI:t kan alltså ses som en sårskorpa som bildas 
av batteriets ”blod” (elektrolyten) och som idealt sett skyddar resten av elek-
trolyten. Det kan också ses som ett filter, som låter litiumjoner passera men 
stänger ute andra ämnen.  

Även i gränsytan mellan den positiva elektroden och elektrolyten finns det 
ett skikt av elektrolytprodukter. Det kallas för SPI. SPI:et är inget passive-
ringsskikt, men för att förstå SEI bättre kan det vara bra att jämföra med SPI. 
Därför har vi tittat både på SEI och på SPI. 

Figur 34 visar en schematisk bild av SEI och SPI, som sammanfattar tolk-
ningen av våra djupprofileringsmätningar. Figuren visar t ex att sammansätt-
ningen skiljer sig på olika djup i SEI, de organiska ämnena finns främst på 
ytan medan det finns mer av oorganiska ämnen djupare ner i SEI. I SPI ser 
vi ingen skillnad i sammansättningen på olika djup, men däremot likheter 
med ytan på SEI vilket ger ledtrådar om hur SPI kan tänkas bildas, kanske 
bildas en betydande del av materialet som deponeras i SPI inte där utan nå-
gon annan stans. Vi ser också att ”bindern” syns på alla djup. Bindern är en 
porös plast, som håller ihop elektrolytpartiklarna ungefär som ett bindemedel 
håller färgämnet på plats i målarfärg. Elektrolytprodukterna som SEI och 
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SPI består av verkar alltså deponeras inuti den porösa plasten, inte bara 
ovanpå.  
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Figur 34. En bild av sammansättningen på a) SEI och b) SPI baserad på fotoelek-
tronspektroskopimätningar med varierande djupkänslighet. Bilden visar att SEI:ts 
sammansättning är olika på olika djup, och att bindemedlet (bindern) är inbakad i 
både SEI och SPI. Mätningarna gjordes på batterier som laddats upp för fjärde gång-
en.  

Rostfritt stål skulle man kunna tro var rostfritt och statiskt. Men så är inte 
riktigt fallet. Rostfritt stål skyddas från större rostangrepp genom ett skikt av 
rost blandat med andra metalloxider. Om man ändrar olika förhållanden, t ex 
lägger på en annan spänning, kan tjockleken på metalloxidskiktet ändras på 
bara några sekunder. Passiveringsskiktet består ofta till stor del av kromoxid. 
I den här avhandlingen har vi bl a tittat på tjockleken på det extranickelrika 
metallskiktet under oxidskiktet.   

Det är lättare att göra fotoelektronspektroskopimätningar på rostfria stål än 
på litiumjonbatterier på så vis att litiumjonbatterier innehåller flyktiga kom-
ponenter, vilket är en utmaning när man gör mätningar i vakuum, och även 
lättare förändras av t ex den röntgenstrålning som används vid mätningarna. 
En viktig del av det här arbetet har gått ut på utveckling av metodik för att 
mäta på och analysera särskilt resultatet av SEI-mätningar. För att underlätta 
fortsatta studier av liknande system finns en del erfarenheter av detta samla-
de i avhandlingen. Så blir du sugen på att mäta själv finns tips och trix här! 
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