
UPPSALA UNIVERSITET 

XPS-analysis of the SEI in 
lithium batteries 

- An investigation of the effect of storage on 
the solid electrolyte interphase of lithium-

ion batteries 
 

Samuel Rikard Rensfelt 

17 – 05 – 25 

 

 

 

 

Bachelor degree project 15hp 

 

 

 

Author: Samuel Rikard Rensfelt 

 

Supervisor: Julia Maibach 

Spring 2017  



Samuel Rikard Rensfelt  Spring 2017 
Bachelor degree project  XPS analysis of the SEI in Li-ion-batteries 

1 
 

Contents 

 
 

1 Introduction 

 

2 Experimental 

 

3 The different samples 

 

4 Results 

 

 

5 The surface composition of the samples 

 

 

6 Conclusion 

 

 

7 References 

 

8 Acknowledgements 

 

 

 

 

 

 

 

 



Samuel Rikard Rensfelt  Spring 2017 
Bachelor degree project  XPS analysis of the SEI in Li-ion-batteries 

2 
 

 

 

Abbreviations 

XPS – X-ray photoelectron spectroscopy. 

SEI – Solid Electrolyte Interphase. 

Pouch cell – the polymer covered bag that all battery components are contained in. See figure 1. 

Complete cells – cells with all the components necessary for cycling, i.e. a cell that can be used for 

energy storage. 

Graphite electrode – a composite material based on graphite often used as electrode material, at 

which intercalation of Li+ occurs during charging. 

Abstracts 

The aim of this project was to investigate the effects of different storage conditions on the solid 

electrolyte interface (SEI) on the graphite electrodes taken from lithium ion batteries, using X-ray 

photoelectron spectroscopy. 

The solid electrolyte interphase in lithium ion batteries is crucial for the stability and safety of the 

battery. Understanding the solid electrolyte interphase is therefore a major topic in battery research. 

It is considered to be of interest to know whether or not the storage method of the electrodes may 

alter the composition of the SEI. This study investigated two common methods of storing the 

electrodes prior to XPS analysis: electrode storage in assembled cells, or washed and individually 

sealed under an inert argon atmosphere. This study aimed to evaluate if there is any difference in 

XPS results when using these two methods and to give a recommendation on what method is 

preferable.  

The outcome of this investigation showed that the best way to store the cycled electrodes was 

letting the batteries be sealed until analysis. By disassembling the battery cells and store them dry in 

argon atmosphere resulted in more degradation than if no precautions were taken at all. 

The outcome of this investigation can benefit many researchers and help them to choose a method 

that can result in obtaining more reliable data from their experiments. I.e. less degraded SEI layer 

after some time of storage prior to analysis. 

1. Introduction 

1.1 The SEI and its formation in Lithium-ion batteries 

A battery consists of three major battery components, a positive electrode, a negative electrode and 

an electrolyte. The battery electrodes have different potentials relative each other. There is a 

difference in electronegativity and hence a potential is generated between these two electrodes. In 

all batteries, there is one anode and one cathode. Together they establish the thermodynamic 

driving force for the discharge reaction (1). All Li+ must move through a medium and that work is 

done by the electrolyte. In the electrolyte a lithium salt is dissolved in an organic solvent in order to 

transport solvated Li+ ions between the electrode materials (2). In this study an electrolyte called LP 

40 was used. This solvent consists of ethylene carbonate and diethyl carbonate, in a weight-ration of 

1:1. The salt dissolved in this mixture is LiPF6. The job of the electrolyte is only to carry ionic charge 

between the two electrodes, since the electrodes are not in direct contact to each other. If the 

electrodes where in direct contact, then the battery would have been short circuited, and there 

would be no transfer of electrons through an external circuit. It is the cathode to which the lithium 
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ions migrate during discharge which has a much higher affinity to the lithium ions (1). The lithium 

ions are getting incorporated into the cathode material through intercalation in most common 

electrode materials. The Li+ has a single positive charge and their migration to the cathode material 

must be accompanied with one electron per Li+ to ensure charge neutrality. This transfer of electrons 

will take place in electrically conductive materials, i.e. when the circuit is closed. An open circuit leads 

to no net transportation of any charge. This is important since it is this transfer of charge/electrons 

that can be utilised as electrical power in electronic devises. Therefore, an electrolyte is required. The 

electrolyte has to be able to withstand the extreme conditions in the battery. It is the low potential 

at the anode that leads to the formation of the passivation layer, which leads to irreversible 

decomposition of the solvent/electrolyte at the surface of the electrode (3).  The insoluble 

decomposition products form a new phase on the anode electrode surface, the so called solid 

electrolyte interphase (SEI). The SEI works as a passivation layer preventing further decomposition of 

the electrolyte. This SEI layer is permeable to Li+ ions, resulting in a cell that still functions, although 

some of the capacity is irreversibly lost (4). This layer is of great significance to the function of the 

battery cell (5) (6). In this work the anode electrode is a graphite based material on which the SEI is 

formed. 

1.2 Background of the XPS-analysis method 

X-ray photoelectron spectroscopy (XPS) is based on the photoelectric effect as explained by Einstein 

in 1905 – photons directly transfer their energy to electrons within the atoms they hit (7), resulting in 

the emission of electrons, so-called photoelectrons. According to the theory that Einstein presented, 

the photon energy must be equal to or greater than the threshold energy for electron emission (8), 

which is the electron binding energy. All photon energy in excess of this threshold energy will be 

transferred to the electron as kinetic energy. This is described by the Einstein equation: EB = hv – KE, 

where EB is the binding energy of the electron in the substrate, hv is the photon energy, and KE is the 

kinetic energy of the electron. 

In X-ray Photoelectron Spectroscopy high energy photons are radiated on a sample which emits 

electrons with specific kinetic energies. Using the Einstein equation, the binding energies can be 

calculated and these are specific for species that are present in the sample (9). Each element has very 

characteristic binding energies and if a certain element is present, then its binding energy will be 

seen in the XP-spectra. The environment of an atom in a compound i.e. the electronegative pull from 

other bonding partners at this atom’s electrons will disturb the distribution of the electron cloud 

surrounding this analysed element. This disturbance in the atom’s electron cloud induced by the 

surrounding environment results in a shift in the electron binding energy. In an electronegative 

environment the electron binding energy will be shifted to a higher binding energy compared to the 

pure element. The binding energy is generally given in electron volts (eV, 1eV=1.602 * 10-19 J). 

1.3 XPS-analysis, a common method studying the SEI 

XPS is a surface sensitive method that is widely applied in research where the very outermost part of 

a sample is being investigated, such as the SEI (10) (11) (12) (13).  Some of the commercially available 

XP-spectrometers are equipped with special transfer systems in order to transfer the sample from 

the glove box to the XPS without air exposure (10). The electrode which has the SEI must be handled 

with great care in order to avoid contact with air which will alter the chemistry of the SEI (13). It is 

common practice to avoid contact with air in order to not affect the SEI and research groups utilizes 

special transfer systems in order to avoid air exposure as well as conducting all work in an argon 
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filled glove box (14). After the rinsing and drying of the electrode it is common to seal the electrode 

in a protective sample holder (14) (15). 

The XPS analysis is applied under ultra-high vacuum conditions on solid surfaces. This requires a pre-

treatment of the cycled battery electrodes. A currently established approach for these so-called post 

mortem studies is to take the batteries apart inside an argon-filled glove box, wash the electrodes 

with a volatile solvent, i.e. dimethyl carbonate (14), and transfer the samples to the spectrometer 

without contact to the atmosphere. The washing of the electrode is generally necessary to remove 

the excess electrolyte. The salt lithium hexafluorophosphate (LiPF6) is in the electrolyte in a 

concentration of 1 M. This high concentration will leave a layer of the salt remaining on the electrode 

when the electrolyte solvents evaporate if not washed away, giving a false reading of the 

composition of the SEI. The DMC used for washing helps to remove excess electrolyte from the 

electrode prior to the analysis, but still not change the chemistry of the SEI extensively (13). 

However, it is not very often reported, if the disassembly takes place right before the analysis or if 

the samples are stored in protective environments prior to the analysis. This work therefore aims to 

systematically study the influence of this sample preparation step before the XPS analysis of cycled 

battery electrodes. 

The surface is analysed to give a specific spectra for each of the analysed samples in this study, as 

well as a calculated surface composition of the samples. 

2. Experimental 

2.1 Materials 

Battery pouch 

A plastic covered aluminium foil that contains the battery parts listed. This is what makes the pouch 

cell that is used in this work, see figure 1. 

 

Figure 1, the material used to make the battery cells. 
All the battery components are encapsulated in this material. 

Electrodes 

A sheet of copper with one side covered in a layer of graphite (and a binder) was the anode electrode 

in this work, see figure 2. The electrode was made by the company MTI. 
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Figure 2, in the figure, the punch used to cut out the electrodes can be seen, in the middle is the electrode material. And 
to the left is a graphite electrode that has been cut out of the sheet. 

The electrodes were made by using a 20mm punch and two layers of paper in order to ease the 

separation of the electrodes form the punch. The graphite layer was 40 micrometres thick and the 

copper current collector underneath was 10 micrometres thick (16). 

Current connectors 

The current that was applied to the battery cell was applied via small copper strips that where 

connected to the cycling equipment, see figure 3. 

 

Figure 3, the copper connectors that are used to transfer the current to the electrodes in the battery 

Separator 

The graphite electrode and the lithium foil where separated by a separator (which can be seen in 

figure 4) in order to prevent short-circuiting the cell l. This separator is permeable to ions and other 

solvent based molecules. It is an inert material that will not interfere with the general chemistry of 

the experiment. The name of this separator is celgard 2325 and it is only 25µm thin. The separator 

was bought from the company Celgard that sells different separators for batteries. This specific 

separator was made of polypropylene-polyethylene-polypropylene (17). 
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.  

Figure 4, the separator that prevents the battery from short circuiting but still allows ions to migrate through 

Lithium metal foil 

Lithium metal foil (figure 5) is the source of the Li+ ions that is being incorporated into the graphite 

electrode. The manufacturer of the lithium metal used was the company Cyprus Foote Mineral.  

 

Figure 5, a piece of lithium metal foil in a glove box. 

LP40 electrolyte 

The solvent that carries the Li+ ions between the electrodes during charge and discharge was LP40. 

The ingredients of the electrolyte were bought from BASF. The small bottle seen in figure 6 was 

enough for all assembled batteries in this work. Its components are 1M LiPF6 in EC and DEC 1:1 W/W. 

 

Figure 6, a bottle of the electrolyte used in this set of experiments. 
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The solvent as well as the other materials needed for assembling the batteries was stored inside a 

glove box in order to prevent degradation with oxygen, nitrogen, water and other molecules that 

could interfere with the chemistry of the battery. For each battery, an amount of 60 µl of the 

electrolyte LP40 was used. Besides it, in figure 6 is an automated pipette used when building the 

batteries. 

Vacuum oven 

A vacuum oven is used to dry the electrodes used in this experiment to remove residual water before 

battery assembly. Leftover water will react with the electrolyte salt (LiPF6) and with the lithium 

metal. 

 

Figure 7, the vacuum chamber used to remove various contaminants from the graphite electrodes. 

The metal pieces besides the chamber (in figure 7) with circular holes in are the electrode holders 

that the electrodes are put in during the vacuum treatment. The oven was set to 80 centigrade 

overnight. 

Battery assembly 

The battery is assembled inside the glove box, but for simplicity a demonstration of an assembly was 

photographed outside the glove box. 

 

Figure 8, battery assembly. An illustration of how it is done. 

In figure 8 a copper connector can be seen above the graphite electrode, but in a real battery cell it 

would be underneath the electrode. An amount of 30µl of LP40 (in this demonstration water is used) 

is applied at the graphite electrode and the separator is placed on top. At the other side the lithium 

foil can be seen (in this demonstration aluminum was used) and behind it is the other copper 

connector. Also, at the lithium foil another 30µl of LP40 is applied. 
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Vacuum sealer 

As can be seen in figure 8 the battery cell with all its components are on place but the battery is still 

opened. The battery is closed using the vacuum sealer that can be seen in figure 9. 

 

Figure 9, the vacuum sealer is used to seal 
the batteries under a low pressure. 

2.2 Cell assembly 

The assembly of all the components listed above was done in a glove box filled with the inert noble 

gas argon. A glove box is a small room filled with a gas that does not interfere with the experiment. 

The first step of the battery assembly is to cut the electrodes that are to be used in the battery. First, 

big electrode sheets are brought out and then cut to 20 mm diameter discs, see figure 2. These discs 

have been stored in a box outside of the glove box and therefore water and other molecules that 

may interfere with the battery chemistry may be present at these electrodes. Due to the presence of 

these unwanted molecules the electrodes could not be used directly in the battery assembly. 

Therefore, they are dried under vacuum (see figure 7) at 80 degrees Celsius overnight. This removes 

the residual water since the water is well above its boiling point at this temperature and pressure 

(47KPa) (18). When this has been done, the electrodes are ready to be used in the assembly of the 

battery. 

The battery bag (see figure 8) with current collector tabs was assembled outside of the glove box and 

was brought inside the glove box prior to the assembly. The lithium foil was placed next to the 

electrode with the separator in between. LP40 electrolyte was added to the battery, 30 µl at the 

graphite electrode and 30 µl at the lithium foil, resulting in a total electrolyte amount of 60 µl. After 

the electrolyte was added, the copper connectors are placed under the lithium metal and graphite 

electrode the battery cell is complete. 

The battery is transferred to a vacuum sealer, which goes down to a desired pressure before it seals 

the battery with its components. The pressure at which the sealing occurs is of interest because it 

determines the amount of argon gas that will be trapped in the assembled battery. In this work, a 

sealing pressure of 30 mbar was used. When the sealing of the battery was completed, the battery 

was taken out of the glove box and carried to the cycling equipment. 

2.3 Electrochemical cycling 

The cycling protocol for the batteries was the same for all batteries in order to minimize the variables 

between the batteries. All batteries where made of the same materials, so that they were expected 

to have very comparable electrochemical properties. An Arbin BT-2043 was used to cycle the 

batteries. 
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The cycling 

The completed batteries are set to an automated cycling program that starts with two hours of 

resting. During this resting time no current is applied to the battery. This time is needed to let the 

electrolyte diffuse all the way through the graphite electrode. This increases the chances of obtaining 

a better result. After two hours a current is applied. The theoretical capacity of the battery is 

calculated using information given by the manufacturer on the electrode material. The program is set 

to charge/lithiate (transfer Li+ to the graphite electrode) the battery completely in 10 hours. This is 

referred to as a cycling rate of C/10. When the charging/lithiation of the battery is completed the 

discharge/delithiation is started. Note that the discharge of the battery occurs immediately after 

charging is complete. The discharge of the battery is also set to be completed in 10 hours. When the 

battery has been fully charged and discharged, the battery has been cycled once. Finally, after the 

discharge the potential is hold constant for a period of one hour. This means that the current flow 

drops as the battery approaches equilibrium. The whole cycling of the batteries can be seen in figure 

10 B bellow. First there is two hours of waiting, followed by a 8.3975 hour charging (which is the 

lithiation of the graphite electrode), followed by 7.895 hours of discharge (delithiation of the 

graphite electrode). Finally, a one hour of constant potential. The total time for one cycling is 

therefore 2+8.3975+7.895+1 =19.3 hours. In ideal cases, the charging should have taken 10 hours. 

C/10 was chosen since it is a common C-rate for laboratory tests. Note that the discharge is 

significantly shorter than the charging. This is so even though the applied current is the same in both 

the lithiation (charge) and the delithiation (discharge) of this battery. The reason for this is that some 

of the charge is consumed during the formation of the SEI-layer during charge/lithiation (+ other side 

reactions). It can easily be calculated that the charge consumed in side reactions other than 

lithiation, such as the formation of the SEI is 0,28 mAh (the current is 0.000549mA). This is simply the 

difference between the total current invested in the charging compared to the current in the 

discharge of the battery. Also some energy is lost due to the inability to extract all the lithium that 

was incorporated in the graphite electrode. The charge in the discharge of this battery was 7,895 h * 

0.000549 A = 4.33 mAh. The results of this cycling can be seen in figure 10 B. 

   

Figure 10 A (left), A battery in the cycling equipment. The alligator clips are providing the current for the cycling. 
Figure 10 B (right), the cycling results of a battery. 

As can be seen in figure 10 A, the battery is under pressure between two wooden pieces. This is done 

in order to shorten the distance between the electrodes. With a shortened distance a better cycling 
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will be accomplished due to shorter diffusion distance of the Li+ -ions between the electrodes. 

 

2.4 Sample preparation for XPS-analysis 

After the battery cell is completed and the graphite electrode was to be removed the cell was cut 

opened with a scissor in a glove box. The graphite electrode is removed and cut in half with a clean 

scissor, then washed of 3 consecutive times with a few drops of dimethyl carbonate (DMC). 

2.4.1 Washing 

The washing of the electrode is generally necessary to remove the excess electrolyte. In order to 

minimize possible effects of the washing procedure, all samples were washed in the same way. All 

the electrodes were washed three times with a few drops of DMC. 

 

2.4.2 Storage conditions 

The cells in this investigation where built in the same way and as stated before; they were also cycled 

in the same way. What separated these cells is the storage of the battery cell or electrode. There 

were mainly three ways of storing the batteries after a completed cycling. 

1. The immediate disassembly and washing of the electrode followed by XPS analysis. This kind 

of method of analysis of the batteries is called “fresh” in the following results section, 

because the battery being analysed is just taken from the cycling equipment. 

 

2. The second method of analysing a battery is by letting the battery lie in its assembled state 

for one week prior to analysis. This one week waiting is called “assembled”, because the 

battery is not opened until the day of analysis. 

 

3. The third way is to disassemble and wash the electrodes in the battery after a completed 

cycling of the battery, followed by sealing it in an airtight bag filled with argon gas. This is 

stored in a glove box until measurement day. This method of storing the battery electrodes 

cleaned with DMC until measurement time is called “washed”. 

 

Note that all the three ways of storing the electrodes includes the rinsing with dimethyl carbonate, 

but at different times. 

2.4.3 XPS measurements 

The spectrometer used was a PHI 5500. A step size of 0.1 eV was used for all measurements. As an X-

Ray source Al K alpha rays with 1487eV excitation energy was used. The different spectra recorded 

were F1s, O1s, C1s, P2p, Li1s. The pass energy for the analysis was 23.5 eV for the detail spectra and 

187 eV for the survey. The data was calibrated using the CH-peak set to 285eV.  

There is however some uncertainty in the data in this report. In order to obtain the most reliable 

results considering the binding energy evaluation, a method called curve fitting is needed. However, 

to the results given in this report there were no curve fitting done due to lack of time. 

 

2.5 The atomic sensitivity factor and the calculation of the surface composition 

When high energy photons strike a surface the probability of ejecting electrons from the atoms 

within the sample strongly depends on the kind of atoms in the sample. Different elements show 
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different sensitivity to the incoming light (19). The atomic sensitivity factor (ASF) is a measure of how 

sensitive an element is to photoelectron ejection. The ASF is a combination of the specific cross 

section of the individual elements and the specific electron sensitivity of the XP-Spectrometer used. 

At the laboratory at Ångström were these measurements were conducted the XPS-machine used was 

a PHI 5500. The specific sensitivity of the analyzer of this XPS combined with the cross section of the 

elements results in the ASF values that were used in the calculation of the surface composition (20). 

The cross section of an element is the area at which a collision must take place in order for energy 

transfer to occur. Since the lithium ion is very small the cross section area is also very small. 

One element may have a significantly higher tendency to emit electrons than another element, 

meaning that the most intense peak in a spectrum does not necessarily indicate the most abundant 

element in the analyzed sample. For example, fluorine has an ASF of 1.000 while lithium has an ASF 

of 0.025. This means that a sample with equal amounts of fluorine and lithium will show intensity 40 

times stronger for fluorine than for lithium. The ASF is therefore an important parameter in 

calculating the composition of the sample, using XPS. The peak area of an element in spectra is 

proportional to the amount of the element in the sample. Using the area obtained during a XPS-scan 

combined with the respective ASF-values for the individual elements can give the composition of the 

analyzed sample. 

3 The different samples 

3.1 Abbreviations of the different cells discussed in this section. 

In Table 1 all samples, their treatment and the number of repetitions are summarized. 

Table 1, Abbreviations and their meaning, a short summary. 

Sample name Treatment Description Number 
of each 
kind 

 
Cycling Storage 

Pristine No 2 Week Single, clean, unused electrode 
in  battery pouch bag 

1 

Soaked No 1 Week Single electrode in  battery 
pouch bag with separator and 
LP40 

1 

OCV No 1 Week Complete un-cycled cell 1 

Fresh Yes 1 Week Complete cycled cell 3 

Assembled Yes 1 Week Complete cycled cell stored in 
battery pouch 1 Week prior to 
analysis 

3 

Washed PB Yes 1 Week Complete cycled cell, washed, 
stored in PB 1 Week prior to 
analysis 

2 

Washed Celgard Yes 1 Week Complete cycled cell, washed, 
stored with celgard 1 Week prior 
to analysis 

1 

 

 

The complexity of the chemistry of the battery electrodes was gradually increased, as can be seen in 

table 1, from just analysing a clean, uncycled graphite electrode, and then adding more advanced 
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samples later in the analysis. The first sample analysed was a graphite electrode that is referred to as 

“Pristine” in this work. Pristine simply means that it was not used in any battery. With Pristine being 

the most simple, the next step was to put a graphite electrode in a battery cell in contact with the 

electrolyte LP40 and a separator. This cell called Soaked did not have any current collector 

incorporated in the battery. The cell was incomplete because it didn’t have any counter electrode, 

just one electrode was used (a graphite electrode). The purpose with this cell was to investigate the 

influence of solely the electrolyte, hence the name Soaked. These two cells, Pristine and Soaked are 

incomplete cells that only serve the purpose to tell what chemistry is present without lithium in a 

complete battery. The third battery is a complete battery with lithium metal foil, separator, graphite 

electrode, LP40 electrolyte and current collectors. This cell was named OCV for Open Circuit Voltage. 

This cell was not cycled but was used to investigate the chemistry of an unused battery cell. Finally, 

the first battery to be cycled was made. This battery was in its construction identical to the OCV cell, 

but it was cycled, it was named Fresh because it was analysed just after its cycling was completed. 

There is an increase in the amount of possible chemistry in these four cells and this should be seen in 

the result of the XPS analysis. Batteries called Assembled are batteries that where containing all the 

parts necessary to be cycled, i.e. a working battery, but a battery called Assembled has been laying 1 

week prior to analysis after they were cycled. On the day of analysis, it was disassembled and washed 

with DMC. The name Assembled is simply given because nothing was done with the cell until its 

electrode was going to be analysed. Two other samples are also investigated in this work, the 

Washed PB and the Washed Cellgard. Both of these samples were washed directly after cycling and 

stored in the glove box. The Washed PB was washed in a glove box and placed in a small plastic box 

which was encapsulated in a new battery pouch bag and stored this way until the day of analysis. The 

other sample name called washed is the Washed Cellgard. These samples were also washed after the 

cycling was completed but instead of being stored in a small plastic box they were stored directly in a 

pouch bag with only celgard protecting the surface of the electrode from debris and other elements. 

The plastic boxes used were made of styrene (21). 

All the cycled samples were repeated to validate the obtained results. The repeated sample 

preparation and measurements showed good reproducibility and confirmed the results to be 

consistent through this work. 

 
Figure 11, the small plastic box used to store 
battery electrodes prior to measurement 
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4 Results 
The following part is a presentation of the results obtained when analysing the samples presented 

above. The results are compared with each other and the differences between them are evaluated. 

The sample abbreviated Fresh is considered the most ideal of all samples because it was analysed 

just after the electrochemical cycling, thereby this sample is having the least decomposed SEI of all 

battery electrodes. A sample that has vastly different peaks than the peaks of the Fresh is therefore 

considered to be a less ideal sample. The smaller the difference between the Fresh and the sample 

being evaluated, the more reliable is the data obtained considered to be. The conclusion of this 

report is therefore based of the variations of these samples relative to the Fresh sample. It is the 

storage of the samples that gives rise to these differences. The cycling program was the same for all 

the batteries so there should not be any difference due to variations in the cycling. The elements 

analysed in this report are the elements that are present in all the active components in the battery. 

The elements analysed are the following:  

Carbon, the electrode analysed is made of graphite, and the electrolyte solvent is made of the 

electrolyte salt dissolved in organic compounds containing C-H bonds. 

Fluorine, a main component in the electrolyte salt (LiPF6). 

Phosphorus, Also a main component in the electrolyte salt (LiPF6). 

Oxygen, a component in the molecules of the electrolyte (solvents). 

Lithium, that is coming from the electrolyte LP40 (LiPF6) and the lithium metal foil. 

The Intensity of the all spectra is measured in counts per second. The absolute intensity for a specific 

sample is dependent on the sample positioning in the spectrometer. This was optimized during the 

measurements but can still vary slightly between samples.  However, general trends in the intensity 

changes are not affected by this. Since the curves are presented stacked on top of each other for 

easier comparison of peak position, arbitrary units are used in the plots.  
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4.1 Influence of electrochemical cycling on electrode surfaces 

       

Figure 12 A (right) the C1s spectra for carbon for Fresh, Soaked, OCV and Pristine 
Figure 12 B (left) the O1s spectra for oxygen for Fresh, Soaked, OCV and Pristine 

 

From the C1s spectra in Figure 12 A, it can be seen that the Pristine, the Soaked and the OCV samples 

have very similar surface composition. In those three samples, the main peak originates from 

graphite, located at roughly 285 eV binding energy (22). Additionally, on all samples, a hydrocarbon 

(CH) peak can be seen as a shoulder to the graphite peak at roughly 283 eV (22). Some carbon-

oxygen species such as -(CH2CH2O)- chains and (ROCO2Li)2 are also visible as a CO peak at around 

287 eV (10) most likely due to the surface containing some cellulose that is a component in the 

binder, but also as SEI-compounds in the Fresh. In the Fresh sample, the main peak is the 

hydrocarbon peak at 285 eV. A graphite peak can be observed at lower binding energies (283 eV). 

Also a more pronounced CO peak is observed for the freshly cycled sample. The major difference 

between the three uncycled samples (pristine, soaked, OCV) and the cycled sample Fresh are the 

relative intensity of the CH peak and the carbonate peak (CO3) at roughly 290-291 eV (10) that clearly 

is only present at the Fresh cell. The carbonate species can be Li2CO3 or Li alkyl carbonates which 

originate from electrolyte decomposition. These compounds are formed during the cycling of the 

battery and are part of the SEI. The identical but not cycled cell called OCV does not have such a 

distinct CO3 top as the cycled battery. This clearly shows that chemical changes occur during the 

cycling of the batteries.  

The change in binding energy position for the graphite between the uncycled samples and the cycled 

sample is most likely due to incomplete delithiation in the Fresh sample and an interface dipole that 

forms at the buried interface between SEI and graphite as described in this reference (23). 
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The O1s spectra tell a very similar story as the C1s does. The three un-cycled graphite electrodes 

have a very similar shape and relative intensity. They have, as agrees with figure 12 A, a presence of 

CO that matches that of the C1s spectra seen at about 534eV (10). Furthermore, in the case of the 

Fresh sample, peaks can be seen for CO3 and ROLi, which is organic salts at about 530eV (10). These 

two peaks are a direct result of the cycling of the Fresh cell. It can be seen that the OCV does not 

have this peak, because it has not been cycled. CO3 at 532eV (10) is carbonate salts and ROLi is 

organic molecules with lithium metal bound via an oxygen atom where R describes an organic 

compound. 

 

     

Figure 13 A (left), the P2p spectra of phosphorus for Fresh, Soaked, OCV and Pristine 
Figure 13 B (middle), the F1s spectra for fluorine for Fresh, Soaked, OCV and Pristine 
Figure 13 C (left), the Li1s spectra for lithium for Fresh, Soaked, OCV and Pristine 

First of all, when considering the P2p spectra in figure 13 A, there is a small peak at the Pristine 

sample indicating Phosphorus. Since the Pristine electrode has not been in contact with any 

electrolyte, this peak is most likely caused by contaminations in the glove box. The OCV has a clear 

peak indicating LiPF6 at 137-138eV (24) originating from the direct contact with the electrolyte. The 

Soaked electrode has an even bigger peak representing the salt LiPF6. The superior size of this peak 

compared to that of OCV can most likely be explained by variations in the washing with dimethyl 

carbonate despite best efforts to be as consistent as possible. It is clear however, that the sample 

with the greatest amount of LiPF6 belongs to the cycled cell. The cycled cell has a SEI layer that can 

hold a quantity of the electrolyte salt LiPF6. When evaluating the spectra of fluorine in Figure 13 B, 
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the peaks at about 687eV is LiPF6 salt, which is the same as described in figure 13 A (24). The same 

argument with inconsistency in the washing with DMC goes as for the peaks in figure 13 A. 

The spectrum for lithium is shown in Figure 13 C. At first, it looks like the Pristine sample has a great 

amount of lithium in it. This is however not the case since sodium is a component of the binder (16) 

(25). The L1s peak is a few eV lower than the Na2s peak (20). When looking at the OCV, the Soaked 

and the Fresh, the sodium peak is gone due to ion exchange with the lithium by the electrolyte. 

Lithium is not found at the surface of the pristine electrode but it is on the other electrodes. This is 

expected since the other electrodes have been in contact with the electrolyte that contains lithium. 

The only sample in this analysis that has a SEI is the Fresh electrode. The SEI is composed of 

decomposed electrolyte that have formed organic and polymeric species such as ROLi as well as 

inorganic compounds such as LiF and incorporated lithium ions. Due to the presence of the SEI the 

Fresh has the greatest abundance of lithium, which can be seen in figure 13 C. 

 

Summary/conclusion of the Pristine, Soaked, OCV and the Fresh 

The complexity of the electrodes gradually increases as it gets closer to a complete battery. An 

unexpected ratio between the Soaked and the OCV with respect to the salt concentrations on the 

sample surfaces is observed in figure 13 A and 13 B. This is likely explained by variation in the 

washing of the different samples. The lithium metal foil in the OCV does not affect the composition 

at the graphite surface under the investigated time of one week, which is why the OCV and the 

Soaked are so similar. 
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4.2 Influence of storage conditions 

   

Figure 14 A, the C1s spectra for carbon for Fresh, Assembled and Washed PB 
Figure 14 B, the O1s spectrum for oxygen for Fresh, Assembled and Washed PB 
 

In Figure 14 A, the C1s spectra of the following samples are seen, a fresh sample, an assembled 

sample and a washed sample. For the three samples, the following peaks are observed. A carbonate 

peak (CO3), a carbonyl peak (CO), a CH peak and a graphite peak. 

In this set of samples an increase in the amount of CO3 (carbonate) can be seen in both the 

Assembled and the Washed PB compared to the Fresh. Degradation can clearly be seen for the 

Assembled, and especially for the Washed PB. When comparing the Assembled with the Fresh it 

shows that just the factor of time the electrode remains in the battery after cycling has an effect on 

the sample. This conclusion is based on an increase in the amount of CO in the Assembled compared 

to the Fresh. The Washed PB was made to reduce possible degradation effects from continued 

electrolyte contact as seen in the Assembled. The thought was that an early washing and isolation of 

the sample would prevent further reactions of the sample with the other battery components. But 

rather than getting results closer to the fresh sample, the results deviated even more from the Fresh 

sample. An even greater increase in the intensity of the CO3 peak was seen for the Washed PB 

compared to the Assembled. Also, the graphite peak has shifted in binding energy for the washed 

sample. This is most likely due to changes in the interface dipole between the SEI and the bulk 

electrode as described in this reference (23). The effect of a formed dipole changes relative binding 

energy positions of peaks originating from the bulk electrode with respect to peaks originating from 

the SEI. This is seen in figure 14 A where two of the samples (fresh, assembled) the graphite peak is 
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clearly separated from the CH peak due to the dipole. In the washed sample, the dipole between 

graphite and CH was reduced due to the storage conditions, therefore it can only be observed as a 

shoulder on the low binding energy side of CH.  

With regards to the CO and CO3 in the O1s spectra, the same results as the spectrum for C1s is 

obtained. In this spectrum (O1s) a clear decrease in the amount of ROLi (organic SEI components) is 

visible for the Washed PB. It seems like the storing of the electrode in the plastic box decomposes 

the ROLi formed during the cycling. 

 

     

Figure 15 A (left), the P2p spectrum of phosphorus for Fresh, Assembled and Washed PB 
Figure 15 B (middle), the F1s spectrum of fluorine for Fresh, Assembled and Washed PB 
Figure 15 C (right), the Li1s spectrum of lithium for Fresh, Assembled and Washed PB 

 

 

In Figure 15 A the amount of phosphorus in the form of LiPF6 is varying considerably. This may be 

partly explained by degradative side reactions that occur to a different extent in the different 

samples. Despite our best efforts of minimize variations in all stages of sample preparation, some 

differences in intensity may also be due to inconsistency in the washing procedure. 

When studying the LiPF6 in Figure 15 B the same argument goes for fluorine’s LiPF6 peak as in the 

case of the evaluation of figure 15 A. There is clearly a difference in the amount of LiF between the 

different samples. The Fresh is having much LiF and a smaller amount of LiF is found in the 
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Assembled sample. It seems like there is a tendency for the LiF to participate in some slow reaction 

that lowers the amount of the salt. Long term storing in battery seems to be lowering LiF. Even worse 

is the Washed PB in this regard. The quantity of the LiF is affected greatly by the storing in the plastic 

box. 

When looking at the ratio of the lithium peaks in Figure 15 C, one might think that it is strange that 

the size of the lithium peaks are not following the trend of the phosphorus and the fluorine peaks in 

figure 15 A and 15 B. The truth is that the Li+ ion participates in many reactions and different 

chemicals more than just LiPF6. LiF, LiPF6, Li2CO3, ROLi are some of the lithium compounds that 

contains Li+. Add the fact that lithium has been intercalated in the graphite electrode under the SEI it 

is clear that there is a great abundance of the element in samples. This could be an explanation why 

the lithium peaks are not following the pattern seen for phosphorus and fluorine spectra above. 

 

Summary/conclusion of the Fresh, the Assembeld and the Washed PB 

Small amount of changes in the SEI composition is seen for the Assembled sample in regard to LiF, CO 

and CO3 when compared to the Fresh sample. The changes that occurred during the storage time are 

not very pronounced and an accurate picture of the SEI composition can still be obtained. When it 

comes to the Washed PB on the other hand, a much worse degradation has taken place. The ROLi 

drastically decreases in amount and so does LiF, the graphite peak is shifted in binding energy, and a 

big increase in the amount of carbonates (CO3) is seen. To wash and store the electrodes in this 

manner (in a plastic box) is clearly not a beneficial choice if a realistic picture of the SEI composition is 

to be achieved. The approach intended to improve the reliability of the analysis actually worsened it. 

This is a great disadvantage for the method of storing the electrode in this way. 

4.3 Improving the storage conditions 
After looking at the data obtained for Washed PB, a new better method was needed to be 

established in order to obtain less or no changes in the SEI composition during sample storage prior 

to the measurements. It was thought that the extra oxygen seen in the Washed PB could come from 

the plastic box that the electrode was contained in. A new method where the electrode is stored in a 

pouch bag with direct contact with celgard was used in order to get a lower oxygen degradation of 

the electrode. It was thought that the celgard in the glove box had a very low level of oxygen in it. 

Celgard is already in contact to the electrode when it is still in the battery, so we expected very little 

influence on the surface due to the contact with celgard. Therefore, it was chosen in the new storage 

method. The new Washed Celgard was sealed in an argon atmosphere and stored inside the glove 

box, just as the Washed PB. Below are the results the followed by this experiment. 
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Figure 16 A (left), the C1s spectrum of carbon for Washed Celgard, Washed PB and Fresh 
Figure 16 B (middle), the O1s spectrum for oxygen for Washed Celgard, Washed PB and Fresh 
Figure 16 C (left), the P2p spectrum representing phosphorus for Washed Celgard, Washed PB and Fresh 

The spectra for Washed celgard are comparable to the previous Washed PB spectra, with Fresh as 

the reference for evaluation of the two washed methods. The spectra obtained for the Washed 

Cellgard shows clear differences compared to the Washed PB. The CO3 peak seen in Figure 16 A is 

smaller for the cellgard sample than for the Washed PB. Also, in Figure 16A the CO peak is a bit 

higher for the cellgard sample which is expected from a less degraded sample. Also the graphite peak 

is clearly more visible in the case of using the cellgard method indicating a more pronounced 

interface dipole as also observed in the fresh sample. Similar trends can also be observed in the O1s 

spectra in Figure 16 B, where the intensity ratio between the CO and CO3 peaks clearly differ 

between the two washed and stored samples. In figure 16 C there is a big peak in the P2p spectrum 

showing that the celgard sample has a peak showing the presence of PXOY (20) species. 
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Figure 17 A (left), the F1s spectrum for fluorine for Washed Celgard, Washed PB and Fresh 
Figure 17 B (right), the Li1s spectrum for lithium for Washed Celgard, Washed PB and Fresh 

In figure 17 A it is seen that the LiF peak is more significant for the Washed Celgard than for the 

Washed PB, indicating a small improvement when compared to the Washed PB. Not much relevant 

information is given by the Li1s spectrum for lithium in figure 16 E. 

Summary/conclusion of the Washed PB, and the Washed celgard 

From this first comparison of the two washed and stored samples that are compared to the Fresh, it 

seems that the celgard sample showed less decomposition in the respective spectra for carbon and 

oxygen. The P2p spectra in Figure 16 C however, indicate more decomposition for the celgard sample 

than for the one with the plastic box, regarding phosphorus. The LiF peaks in figure 17 A shows an 

improvement for the celgard sample since it is a better match to the peak obtained for the Fresh 

sample. The differences between the washing and Fresh where decreased for the spectrum of the 

elements carbon, oxygen and fluorine with the celgard method. Only the phosphorus spectra seen in 

figure 16 C showed indications of more degradation for the celgard method than for the PB when 

compared to the Fresh. 

4.4 Evaluation of improved storage conditions 
After studying the results above, the newly developed way of sample storage with celgard was 

compared to a “fresh” and an “assembled” sample to evaluate the improved storage conditions 

further. 
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Figure 18 A (left), the C1s spectra for carbon for Fresh, Assembled and Washed Celgard 
Figure 18 B (right), the O1s spectra for oxygen for Fresh, Assembled and Washed Celgard 

When looking at the C1s spectra in figure 18 A we find the following peaks, carbonate (CO3), carbonyl 

(CO), hydrocarbon (CH) and graphite. The CO3 peak for the Fresh and the Assembled is nearly 

identical but the CO3 peak for Washed celgard is more intense than for the Fresh and the Assembled. 

The CO peak for both Fresh and Assembled is also very similar. The CO peak for Washed celgard is 

slightly more protruding but generally no very pronounced difference is seen. All three samples have 

almost identical CH peaks. The graphite peak for Washed celgard is clearly different in binding energy 

position for the washed sample which indicates greater decomposition for this method than for 

storing the electrode in the battery until measurement. 

Looking at the O1s in figure 18 B the amount of ROLi has decreased moderately for the Assembled 

and a lot for the washed sample. 
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Figure 19 A (left), the P2p spectra for phosphorus for Fresh, Assembled and Washed Celgard 
Figure 19 B (middle), the F1s spectra for fluorine for Fresh, Assembled and Washed Celgard 
Figure 19 C (right), the Li1s spectra for lithium for Fresh, Assembled and Washed Celgard 

The Fresh spectra in figure 19 A is having no or little PxOy while the Assembled had a notable bigger 

amount of PXOY, and the Washed celgard has a much bigger amount of PXOY in it, a clear indication 

that this after cycling washing is less a favorable alternative. In Figure 19 B the curve of the Washed 

celgard is less similar in shape to the curve of the Fresh than what the curve of the Assembled is. This 

means that the Assembled shows better agreement in composition to the Fresh than what the 

Washed celgard does. The amount of LiF is clearly greater for the Assembled and for the Washed 

celgard than for the Fresh. This is also showing that this method is not good for storing a sample. 

Figure 19 C gives no relevant information to this comparison. 

Summary/conclusion of the Fresh, the Assembled and the Washed celgard 

Even though storing the sample in the washed state in contact to celgard improved the results, the 

trend seen is that the Assembled sample still differs less from the Fresh sample than what the 

Washed celgard does. However, the general features of the SEI of a fresh sample are preserved also 

for the Washed celgard sample.  This is seen as described above for the curves in figure 18 A, B, 19 A 

and 19 B.  
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5 The calculated surface composition of the electrodes 

  
Table 2, the composition of the different samples 

 

5.1 Evaluation of the composition of the samples 
The pristine, the Soaked and the OCV are the three samples that were not cycled and their surface 

composition results are included here merely for completeness. However, one can clearly see that 

after storing the electrodes in the electrolyte, the amount of electrolyte specific components such as 

F, P and Li increase on the sample surfaces.  Moving over the cycled cells we can see that they all 

have an even higher amount of lithium, fluorine and some phosphorus (compared to the OCV 

sample) that indicates that these contributions are not just electrolyte residues but incorporated into 

the SEI for the cycled samples. One can clearly see that the Washed PB sample deviates the most 

from the composition of the Fresh sample, which is used as a benchmark in this study. Both, the 

washed celgard and the assembled sample show very comparable surface compositions to the fresh 

sample. Small differences can be observed in the reduced O and P content in the assembled sample 

compared with the washed celgard sample. Combined with the previously discussed shape of the 

spectra, this further indicates, that the assembled samples provides the most reliable results of the 

SEI composition, if sample storage cannot be avoided. 

For a more detailed instruction on how these compositions where calculated, see the more detailed 

explanation in section 2.5. 

6 Conclusion 
Some experiments like surface layer studies of battery electrodes at synchrotrons require elaborate 

sample preparation sometimes weeks before the actual experiment. This implies that there is a need 

for a reliable sample preparation and storage methodology. In this project, different sample storage 

conditions were evaluated.  
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It was first believed that the best way of storing an electrode prior to analysis was by washing it with 

DMC after complete cycling and thereafter storing the electrode in a sealed pouch because in this 

way, no further reactions with other battery components was believed to proceed. This was tested 

by using a common method (in the laboratory where this work was performed) for storing the 

washed electrodes. It was found that the method where a small plastic box was used yielded the 

results that differed the most from a freshly cycled battery electrode, as seen by the results obtained 

in 4.3 and 4.4. The attempt of improving the quality of the storing method by using celgard instead of 

a plastic box was therefore developed and tested. This method showed some improvements but was 

still less favorable than letting the electrode be stored in an assembled battery, as seen in the results 

of 4.5. The samples taken from an assembled battery that has been stored for one week showed the 

least differences in SEI decomposition compared to a freshly cycled electrode. This approach should 

therefore be preferred if an extended waiting period between the electrochemical cycling and the 

surface analysis measurements cannot be avoided. The results of this report are taken very seriously 

and the battery research group is currently evaluating the storage conditions and other preparation 

steps even further. 

 

6.2 Popular scientific summary 
The development and improvement of Li-ion batteries is an extensive area in scientific research. The 

aim is to gain information and increase the understanding of these batteries. In these studies that are 

conducted worldwide the study of the Solid Electrolyte Interphase (SEI) that is found at the graphite 

electrode is of great significance towards getting a better understanding of the chemistry and 

function of these batteries. Understanding the capabilities and limitations of these batteries is key in 

the development and improvement that researchers are striving to accomplish. To obtain accurate 

and true information when analyzing these batteries is therefore essential for further progress in 

development. This work aimed to evaluate whether or not two common methods of electrode 

storage altered the SEI composition. It was found in this research that a method applied to protect 

the electrodes from degradation actually changes the composition of the SEI-layer, rather than 

protecting it. This observed change lead to less accurate information on the surfaces of these anode 

materials. The method used that resulted in the most pronounced electrode degradation was the use 

of a small plastic box after washing with a water free solvent. The amount of oxygen detected at the 

electrode was greatly elevated in those cases when the storage implementing a plastic box. 

Additionally, further degradation could be seen when studying other components of the electrode 

surface. When simply leaving the electrode in the battery until the day of analysis, the results are 

more comparable to a sample analyzed directly after the electrochemical treatment and is thus 

considered more reliable. The results of this research are significant because it will motivate 

researchers to re-evaluate their method of electrode storage in order to obtain more accurate 

information from their studies of graphite electrodes. This work has hence confirmed that leaving the 

battery unopened is so far a better alternative. 
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