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I. Kurzfassung 

Die Degradationsmechanismen von kommerziellen Li -Ionen Batterien (hier sind wieder 

aufladbare Sekundärzellen bzw. Akkumulatoren gemeint) wurden in den letzten Jahrzenten 

ausgiebig untersucht. Dennoch verbleiben einige offene Fragen in Bezug auf den 

Zusammenhang zwischen Veränderungen im Verhalten der Batteriezelle, welche auf 

Systemebene der Batteriezelle beobachtet werden, und Materialdegradation, welche innerhalb 

der Batteriezelle auftreten. Um das Verständnis über die Einflüsse der Materialdegradationen 

auf das Verhalten der Batteriezelle auf Systemebene zu verbessern, wurden verschiedene 

Analysemethoden angewendet und die Erkenntnisse kombiniert.  

 

Eine für die Untersuchung von Relaxationsvorgängen angepasste Analysemethode der 

elektrochemischen Deformationsmikroskopie (Engl. electrochemical strain microscopy, ESM) 

wird vorgestellt, welche auf der Rasterkraftmikroskopie basiert. Diese Analysemethode wird 

auf labortechnisch hergestellte Silizium-Komposit-Anoden und kommerzielle LiFePO4-

Kathoden angewendet. Die Oberflächenausdehnung, hervorgerufen durch die Vegard 

Deformation, ist proportional zur ionischen Konzentrationsveränderung und der Aktivität von 

Li -ionen im angeregten Materialvolumen unterhalb der Messspitze. Das angeregte 

Materialvolumen ist nur wenige Nanometer tief. Die Ergebnisse zeigen eine Abhängigkeit von 

der Materialstruktur, wobei eine höhere Mobilität und Aktivität der Li -Ionen an 

Strukturgrenzen auftreten. Die Analysemethode liefert Zeitkonstanten und damit 

Diffusionskoeffizienten auf der Nanometer Skala. Die nach dieser Methode ermittelte 

elektrochemische Aktivität nimmt mit der Alterung ab.  

 

Die Alterung von kommerziellen Batteriezellen wird auf Systemebene mit der inkrementellen 

Kapazitätsanalyse (Engl. incremental capacity analysis, ICA), der differenziellen 

Spannungsanalyse (Engl. differential voltage analysis, DVA) und der Ruhespannung (Engl. 

open circuit voltage, OCV) verfolgt. Die Alterung bei 50% Entladetiefe führt zu einem höheren 

Kapazitätsverlust während der Zyklisierung im Vergleich zur Zyklisierung über 100% der 

verfügbaren Kapazität. Insgesamt wurden 14 verschiedene Merkmale des Zellverhaltens mit 

verschiedenen Analysemethoden während des Alterungsprozesses verfolgt. Die Intensität des 

ersten ICA Scheitelpunktes korreliert in hohem Maße mit der Kapazitätsabnahme und wird 

darauf aufbauend verwendet, um die Restkapazität und Lebensdauer zu prognostizieren. Der 

Verlust von Lithium und Aktivmaterial, speziell an der Kathodenseite, sind die Hauptursachen 

für den Kapazitätsverlust. Die post-mortem Untersuchungen zeigen, dass es zur Bildung von 
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Lithiumfluorid-Kristallen an der Anodenoberfläche gekommen ist, welche bei 55°C gealtert 

wurde. Es wird gezeigt, dass die Eisenauflösung nicht nur temperaturabhängig ist, sondern 

ebenfalls von der Entladetiefe beeinflusst wird. Neben der Auflösung von Eisen aus der 

Elektrode in den Elektrolyten wird die Auflösung von Vanadium aus der Elektrode und in den 

Elektrolyten beobachtet. Mikrometer große Agglomerate zeigen sich an der 

Kathodenoberfläche, welche die Oberflächenleitfähigkeit reduzieren. Die Reduktion der 

Oberflächenleitfähigkeit korreliert allerdings nicht mit der Abnahme der Kapazität. Die 

Alterung bei -20°C führt zu einer stabilen Lithium Schicht, welche im Anschluss auch bei der 

Charakterisierung bei Raumtemperatur beobachtet wird.            
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II.  Abstract  

Degradation mechanisms in commercial Li -ion batteries have been extensively studied over the 

past decades. However, there are still open questions regarding the link between the observed 

changes on the system level of the battery with the actual degradation on the material level 

happening inside the battery. Therefore, different techniques are applied and findings combined 

to improve the understanding of material degradation influences on the system level behavior.  

 

A tailored electrochemical strain microscopy (t-ESM) technique, which is based on atomic 

force microscopy, is presented. The technique is applied to laboratory made silicon composite 

anodes and commercial LiFePO4 cathodes. The surface displacement induced by the Vegard 

strain is proportional to the ionic concentration change and activity of Li -ions within the probed 

volume under the tip. The probed volume spans only a few nanometers in depth inside the 

material. The results indicate a structural dependency, with higher mobility and activity at 

boundaries. The technique provides time constants and hence diffusion coefficients on the 

nano-scale. The electrochemical activity, which is analyzed with the t-ESM technique, is found 

to decrease due to ageing.  

 

The ageing of commercial battery cells is monitored using system level methods such as 

incremental capacity analysis (ICA), differential voltage analysis (DVA) and tracking of the 

open-circuit voltage (OCV). Ageing at 50% depth of discharge (DOD) leads to higher capacity 

fading compared to cycling over 100% of the available capacity. In total, 14 different features 

of the cell behavior are tracked during the ageing process using various analysis techniques. 

The intensity of the first discharge peak of the ICA curves is found to correlate well with the 

capacity fading and is used to predict the remaining capacity and lifetime. The loss of lithium 

and the loss of active material, especially at the cathode, are the main factors leading to the 

observed capacity decay. The post-mortem analysis reveals the formation of lithium fluoride 

crystals on the anode surfaces, aged at 55°C. The iron dissolution (from the electrode into the 

electrolyte) is shown to be temperature dependent and in addition dependent on the depth of 

discharge. Next to iron dissolution, vanadium dissolution (from the electrode into the 

electrolyte) from the cathode is observed. Micrometer sized agglomerates (consisting out of 

nano particles from cathode active material) are observed on the cathode surface, which 

decrease the surface conductivity, but does not directly correlate with the capacity fading. 

Ageing at -20°C leads to the formation of stable Li plating, which is subsequently observed at 

room temperature cycling.    
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1 Introduction  

1.1 Relevance of Topic 

Batteries play an important part in the transformation of the energy system from fossil energy 

to renewable energy resources. They are used on small scale for mobile energy storage power 

tools and communication devices, on big scale for mobile energy storage automotive systems 

and stationary systems like households and integration of renewable energies. Current battery 

technology is reaching the limit for further considerable improvements of the storage capacity 

and power density. Potential next generation cell chemistries like Lithium ï Sulfur and Lithium 

ï Air are promising candidates for a new jump in both storage capacity and power density, but 

both systems possess their own drawbacks that hinder a wide commercial application in the 

near future. Nevertheless, improvements in durability and further knowledge of the detrimental 

effects occurring inside the electrodes during their utilizations are still vital for the current 

battery technology. New methods and a closer link between cell level variations and material 

level degradations are necessary to analyses the aging of battery cells and to provide valuable 

information to material scientist and manufacturers for further development.     

 

1.2 Aim of this Work 

This work is separated into two sections. The first section is focused solely at the material level 

on nano-meter scale. The aim is the development of a method to visualize the ionic 

concentration change and its distribution in battery materials and follow the degradation of the 

materials using this method. In addition, relaxation times and hence diffusion coefficients are 

mapped next to the ionic concentration change and distribution. This serves on one hand as a 

tool for material experts, since they can learn about the behaviour of ions moving and 

distributing inside the material and on the other hand as a tool for experts in modelling of battery 

systems, due to the locally resolved diffusion coefficients and relaxation times, which are useful 

for their simulations.  

 

The second section combines results of the material level with the cell level, to improve the 

understanding of the influence of material level changes on cell level behaviour. To accomplish 

this goal, different cell level analysis methods like differential voltage and incremental capacity 
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analysis, open-circuit potential tracking and electrochemical impedance spectroscopy are 

utilized to track the aging of cells and combined with post-mortem material analysis using 

scanning electron and atomic force microscopy, energy dispersive X-ray spectroscopy and X-

ray photoelectron spectroscopy to connect the observed changes in the material with the 

behaviour on the cell level.  
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2 Fundamentals of Electrochemical Cells 

2.1 Principle Set-Up of a Battery Cell  

The set-up of a commercial battery has its origin in the idea of the galvanic cell. In principle, 

two electrodes of different material are immersed into an electrolyte and ions and electrons 

passing through the electrolyte and accordingly the outer electric circuit drive a redox reaction. 

The galvanic cell transforms chemical energy, which is stored in the materials of the electrodes, 

in electrical energy and for charging process vice versa. The electrode at which the oxidation 

takes place is called the anode, the electrode at which the reduction occurs the cathode.  The 

designation anode/cathode depends on the direction of the flow of electrons and ions, therefore, 

in general electrochemistry, reversible reactions at one electrode can be anode or cathode 

depending on the direction of the reaction. However, the name convention in battery technology 

sets the electrode at which the oxidation takes place during discharge as the anode.  

 

In the history of electrochemistry, there are numerous different examples for galvanic cells. The 

two most famous which are usually taught and given as examples are the Voltaic pile and the 

Daniell Element. The Voltaic pile consists of zinc and copper plates stacked on top of each 

other and separated by a cotton cloth soaked with an electrolyte, for example salt water. In the 

Daniell Element, copper as the cathode is immersed in a copper sulphate solution and zinc as 

the anode is immersed in zinc sulphate solution. Both compartments are connected with a salt 

bridge for the ion exchange. Reactions in the battery cell are linked to the available electrode 

surface and accompanied by solid-state mass diffusion inside the electrode material. This mass 

diffusion leads to a change in the chemical composition of the electrode and a volume expansion 

or shrinkage 1. In the examples of the galvanic cell, the electrodes are metals, but in commercial 

systems, the cathodes are rather metallic oxides like FePO4 and MnO2. For the anodes, metals 

are occasionally used, but another practical choice are materials which serve as a host for the 

intercalation of ions such as carbon and graphite 2.  

 

Another approach for anode materials is the formation of an alloy, for example using silicon. 

The disadvantage of the Li-alloying is the lithium driven volume expansion of up to 200% and 

more 3. Three mechanisms for the storage of lithium ions into the materials are available, i) 

alloying which was already mentioned, examples are silicon, tin, antimony and other 

intermetallic alloys, ii) conversion reactions, for example Fe2O3, Co3O4 and NiP2 and iii) 

intercalation reactions, for example carbon, graphene and titanium oxides 1,4,5.  
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The principle set-up of a battery cell is given in Figure 2-1. The cathode consists out of small 

particles with a size of roughly 50 nm to 1 µm in diameter which are embedded in a polymer 

binder to ensure the mechanical stability. To increase the electric conductivity of the overall 

electrode, the cathode particles are either mixed or coated with carbon. The cathode mixture is 

coated on aluminium foil as a current collector. The anode consists of the particles, which are 

either nanoparticles with roughly 50 nm diameter as it is used for silicon or up to a few 

micrometres, as it can be seen for graphite flakes. A polymer binder is used for the anode 

material to ensure the structural stability. The anode mixture is coated on copper foil. The 

electrodes are immersed in electrolyte, which is typically a non-aqueous liquid mixture of 

carbonates like ethylene carbonate and polyethylene carbonate with the addition of a salt, to 

increase the ionic conductivity. To avoid any short circuits in the case of a liquid electrolyte, a 

separation layer is inserted in-between the anode and cathode. This layer, called the separator, 

consist of an electric isolating polymer mesh, which is permeable for the ions in the electrolyte. 

However, the use of solid electrolytes is a promising technique to improve the safety, due to 

the hindered flammability of most ceramics, and increase of the storage capacity of the battery 

cell, since other materials, for example, lithium metal or high-voltage cathodes with a potential 

of 5 V and more versus the anode can be used. Materials for solid electrolytes are ceramics, 

such as the perovskite-type lithium lanthanum titanate (LLTO), lithium phosphorus oxynitride 

(LIPON) or Li14ZnGe4O16 and related compositions (LISICON) 6ï8.   
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Figure 2-1: Principle set-up of a battery cell with cathode, anode and separator and electrolyte 

in between. During discharge, ions travel through the electrolyte and separator from the 

anode to the cathode. The electrons pass through the external circuit.     

 

2.2 Intercalation Process of Li-ions into Host Electrodes 

During the charging and discharging process in rechargeable batteries, Li-ions are reversibly 

inserted into and removed from a host lattice of the electrode via an intercalation process. The 

intercalation process is characterised by only small amount of structural changes in the host 

material by the incorporation of Li-ions, examples of intercalation type electrodes are graphite, 

LiMn 2O4, LiFePO4 and LiCoO2. Another type of incorporation and removal process of Li-ions 

into an electrode material are conversion reactions, in which chemical bonds are broken up and 

created during a chemical transformation. One promising conversion process based candidate 

is sulphur for the cathode with a gravimetric capacity of 1672 mAh g-1 and silicon for the anode 

with a gravimetric capacity of 3579 mAh g-1 (assuming 3.75 transferred electrons for Li15S4).   

 

The intercalation cathode materials have different structures, which affect the dimensionality 

of the Li-ion diffusion. LiMnO2 for example exhibits a layer structure which overs a two 

dimensional Li-ion transport, LiMn2O4 on the other hand allows for a three dimensional Li-ion 
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transport, based on the spinel structure. The Li-ion transport within LiFePO4 is limited to only 

one dimension, based on the olivine structure 9.  

 

Figure 2-2: Crystal structures of currently used cathode electrodes (adapted from 9) 

 

For the intercalation of Li-ions into the graphite negative electrode, the insertion is separated 

into up to five separate phases (including the 1d+4 phase), also referred to different stages of 

intercalation, which are the origin for the appearance of separated voltage plateaus during the 

discharging process 10. In an idealistic consideration, the ions are inserted into specific layers 

until the entire layer is filled with Li-ions and only afterwards, a new layer is filled.  

 

 

Figure 2-3: Staging process during intercalation and deintercalation into the graphite layers 

(adapted from 11) 

 

 

a) Layered b) Spinel c) Olivine

LiCoO2 LiMn2O4 LiFePO4
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2.3 Thermodynamic Principles Describing the Behaviour of 

Electrochemical Cells 

The potential of the battery cell depends on the materials in the anode and cathode. It can either 

be calculated with the Gibbs free energy (Ὃ ), using the electropotential series or by 

experiment. The relation between the standard potential Ὁ  (as well known as the electromotive 

force, ñemfò) and the change in Gibbs free energy ЎὋ  is expressed in the equation (2.1) with 

ὲ being the number electrons transferred and Ὂ the Faraday constant (which is the product of 

the Avogadro constant and the elementary charge). By rearranging equation (2.1) and with the 

known change in Gibbs free energy, the standard potential can be calculated. The Gibbs free 

energy ЎὋ  represents the maximum amount of work the cell can deliver, but only if the process 

is thermodynamically reversible 12.    

 ЎὋ  ὲὊὉ  (2.1) 

The second way to calculate the standard voltage of the cell is to extract the standard electrode 

potentials of the materials used and by subtraction of the standard electrode potential of the 

anode of the standard electrode potential of the cathode, shown in (2.2):  

 Ὁ  Ὁ  Ὁ   (2.2) 

The standard electrode potentials are measured against a known electrode material. Hydrogen 

gas flowing by a platinum electrode immersed in an acidic solution is chosen as the standard 

electrode versus which all other materials are referred and the standard potential of hydrogen is 

set as 0 V under standard conditions 1,2,13.  

In the battery technology, the standard potential of the cell is ideally also the Open Circuit 

Voltage (OCV) if materials properties are ideal. The electrode potentials depend on the 

chemical potentials ʈ of the electrode materials, which is depending on the composition of the 

electrode. In a general view, the chemical potential reflects the ability or the potential of an 

element to undergo chemical changes in a system 1,12ï14. In a system with only one species, the 

chemical potential equals the molar Gibbs energy, so:  

 ‘  Ὃ  (2.3) 

In a system with more than one species, the chemical potential of species A depends on the 

Gibbs energy and the amount of the species in the mixture 

 
‘  

‬Ὃ

‬ὲ
ȟȢȟ

  (2.4) 

With ‘ as the chemical potential of the species 1, ὲ the amount of species 1, ὴ the pressure, 

Ὕ the temperature and ὲ the total amount of all species in the mixture. The total amount of 
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Gibbs free energy is the sum of the products of the chemical potentials and the amount of the 

species (see (2.5)). 

 Ὃ  ‘ὲ  (2.5) 

Being interested in small changes in the reaction and introducing the stoichiometric number ‡ 

of the species i, which indicates the ratio of species i in a reaction, and the reaction coordinate ‚, 

equation (2.5) takes the form:  

 ὨὋ  ‘Ὠὲ   ‘‡Ὠ‚  Ὠ‚ ‘‡   (2.6) 

The overall change in the reaction Gibbs energy ɝὋ is the derivative of equation (2.6) by the 

reaction coordinate ‚, which results in 12:  

   

 
ɝὋ  

‬Ὃ

‬‚
ȟ 

‘‡   (2.7) 

In mixtures, the chemical potential consist of the standard chemical potential of a component 1 

(‘) and the mixing term depending on the activity (ὥ) or mole fraction of the component (ὼ) 

15. For ideal solutions, the mole fraction is used. For deviations from ideal behaviour, the 

activity needs to be used with ὥ  ‎ ὼ, in which ‎ represents the activity coefficient of 

species 1.      

 ‘  ‘ ὙὝÌÎὥ ‘ ὙὝÌÎὼ    (2.8) 

with 

 ‘ ‘ ὙὝÌÎώ    (2.9) 

If stresses in the material due to changes in the concentrations are included, the chemical 

potential is extended with a third term with ɱ  as the molar volume of the species 1 and „ as 

the hydrostatic stress, which is defined as „ ρ
σ„ „ „  16,17. 

 ‘ ‘ ὙὝÌÎὼ  ɱ„   (2.10) 

Since the electrodes in batteries are charged, the formula for the chemical potential ‘ is 

extended with an additional term taking into account the charge of the material in an electrical 

potential. This leads to the equation for the electrochemical potential ‘ for species 1:  

      

 ‘  ‘ ᾀὊ‰   (2.11) 

In the equation (2.11) the second term represents the work needed to add a charged ion into a 

region with the electric potential ‰. In case of a neutral ion (ᾀ π) the electrochemical potential 
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reduces to the chemical potential 12. With the concept of the electrochemical potential being 

established, the potential at OCV can be computed:  

     

 
Ὁ  

‘  ‘

Ὡ
    (2.12) 

With ‘ as the electrochemical potential of the cathode, ‘ the electrochemical potential of the 

anode and Ὡ the elementary charge 1,13,14. Since equation (2.12) only holds for equilibrium 

conditions, it is not valid for changes in temperature and composition. To achieve this, the 

dependency of the Gibbs free energy on the temperature and the activity is introduced. 

Combining equation (2.7) and (2.8) describes the change in reaction Gibbs energy using the 

activities of the reactants and products involved.  

 ɝὋ ‡‘ ὙὝÌÎὥ   ‘‡ ‡ὙὝÌÎὥ

 ɝὋ ὙὝ ÌÎὥ   

(2.13) 

Using the already established relation between the Gibbs free energy and the electrode potential 

in (2.1), substituting equation (2.1) in (2.13) and rearrange it leads to the Nernst equation, which 

describes the behaviour of the cell potential depending on the temperature and activities or  bulk 

concentration of the oxidized species ὅᶻ and reduced species ὅᶻ  2,12,15:  

 
Ὁ  Ὁ  

ὙὝ

ᾀὊ
 ÌÎὥ Ὁ  

ὙὝ

ᾀὊ
 ÌÎ
ὅᶻ

ὅᶻ
  (2.14) 

with the activity coefficients of the oxidizes ώ  and reduced species ώ   

 
Ὁ Ὁ  

ὙὝ

ᾀὊ
 ÌÎ
ώ

ώ
  (2.15) 

Unfortunately, there are several losses during normal battery utilization, which reduce the actual 

measured potential. These losses arise from i) the inner resistance of the battery cell itself (e.g. 

electric connections and material resistances), called the ohmic overpotential, ii) the energy 

needed to activate the reactions, called activation overpotential and iii) the concentration 

overpotential, since the applied load leads to a change in concentration at the electrode surfaces 

compared to the bulk, due to diffusion. Decreasing the current applied to the cell decreases as 

well the overpotential losses 2.  

A simple relationship between the overpotential applied to a cell – and the resulting current Ὥ is 

given by the Tafel equation (2.16):  

 – Ὁ  Ὁ ὥ ὦ ÌÏÇὭ (2.16) 



Fundamentals of Electrochemical Cells 

10 

The variables ὥ and ὦ are constants which need to be determined experimentally. The Tafel 

equation is limited to high overpotentials and does not describe systems at equilibrium, 

therefore, a more precise way for the linkage between overpotential and current is necessary 2.     

The differences of the Gibbs free energy and the electric potential are the driving forces for the 

cell reactions. Still, the rates of the cell reactions cannot be determined with the equations 

represented until here. For this, another variable is introduced. The magnitude of the current 

flowing due to an electrochemical reaction is governed by its reaction rate. Therefore, by 

determining the reaction rates of the oxidation and reduction, the resulting current can be 

described and vice versa. The reaction rate ’ of a reaction of interest is the product of the rate 

constant Ὧ and the concentration of the reactant. For the oxidation of species ὅ  and reduction 

of species ὅ , this results in:  

 ’  Ὧ ὅ  (2.17) 

 ’  Ὧ ὅ  (2.18) 

The cathodic and anodic current densities result from the reaction rate and the charge transferred 

per mol of the species, which is given by the Faraday constant, the number of electrons 

transferred during the redox reaction ὲ and the area ὃ of the electrodes. Since the reactions are 

taking place at the interfaces of electrode and electrolyte, the concentrations of interest are the 

ones at the interfaces, and not the bulk concentrations. For comparisons, it is convenient to 

relate the currents to the electrode areas. 

 Ὥ ὲὊὃὯ ὅ ὲὊὃ’  (2.19) 

 Ὥ ὲὊὃὯ ὅ ὲὊὃ’  (2.20) 

In case the reactions are in equilibrium, the cathodic and anodic current has an equal magnitude 

and the net current is zero, if the reactions are not in equilibrium a net current Ὥ can be measured, 

as equation (2.21) indicates. 

 Ὥ  Ὥ  Ὥ ὲὊὃὯ ὅ Ὧ ὅ   (2.21) 

 

As mentioned before regarding the activation overpotential, the redox reactions need some 

activation energy to start the oxidation and reduction process. This necessity for the activation 

is physically included in the rate constant, coming from transition state theory and using an 

Arrheniusô equation like set-up, expressed in (2.22) and (2.23) 2,12.   

 
Ὧ Ὧ  ÅØÐ 

ЎὋᶻ

ὙὝ
 (2.22) 

 
Ὧ Ὧ  ÅØÐ 

ЎὋᶻ

ὙὝ
 (2.23) 
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Here, ЎὋᶻ and ЎὋᶻ  are the activation Gibbs energies for the oxidation and reduction reaction 

and Ὧ  and Ὧ  are constants with the same dimension as the reaction rate. Since the electrode 

potential has a strong influence on the reaction rate, the relationship between the reaction rate 

and the potential needs to be described. Figure 2-4a) shows the reaction free energy at constant 

pressure and temperature of a redox process. During equilibrium at Ὁ  oxidation and reduction 

have the same activation barrier ЎὋ  and ЎὋ . If the potential is shifted, in this example to 

a lower value than Ὁ , the reduction reaction is favoured since the barrier height changes for 

the oxidation and reduction. For the oxidation, the barrier height increases to ЎὋ  (with 

ЎὋ   ЎὋ ) while for the reduction, the barrier height decreases to ЎὋ  (with ЎὋ

 ЎὋ ). This change in barrier heights leads to the net flow of a cathodic current 15.       

 

 

Figure 2-4: a) Influence of potential change on Gibbs free energy, b) zoom of a) 

 

Figure 2-4 b) indicates, that ЎὋ  has increased by the amount of ρ ‌ὊὉ Ὁ  and ЎὋ  

has decreased by ‌ὊὉ Ὁ  leading to equation (2.24) and (2.25):  

   

 ЎὋ  ЎὋ  ‌ὊὉ Ὁ  (2.24) 

 ЎὋ  ЎὋ  ρ ‌ὊὉ Ὁ  (2.25) 

The variable ‌ is called the symmetry factor, since it is a measure for the balance between 

reduction and oxidation. Often it is set as 0.5 2,15. Combining equation (2.24) and (2.25) with 

(2.22) and (2.23) combines the effect of the potential shift on the reaction with the reaction rate 

of the half reactions. This leads to the following equations:  

 
Ὧ  Ὧ ÅØÐ

ЎὋ

ὙὝ
ÅØÐ 

‌ὊὉ Ὁ

ὙὝ
 (2.26) 

 
Ὧ  Ὧ ÅØÐ

ЎὋ

ὙὝ
ÅØÐ 

ρ ‌ὊὉ Ὁ

ὙὝ
 (2.27) 

a) b)
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Since at equilibrium, the net current is zero, since the reduction and oxidation have the same 

rate constant, equation (2.26) and (2.27) can be simplified by using the standard rate constant 

of the equilibrium potential ὯȢ. This is exactly the case for a symmetry factor ‌ of 0.5. At 

equilibrium the barrier heights for the reduction and oxidation are the same, so they can be 

combined to the standard Gibbs free energy of activation ЎὋ . Including these simplifications 

in equation (2.26) and (2.27) leads to:  

 
Ὧ  ὯÅØÐ 

‌ὊὉ Ὁ

ὙὝ
 (2.28) 

 
Ὧ  ὯÅØÐ 

ρ ‌ὊὉ Ὁ

ὙὝ
 (2.29) 

 

With  

 
Ὧ  ὯȢÅØÐ 

ЎὋ

ὙὝ
 (2.30) 

Now the final step is to combine equation (2.19), (2.20) and (2.21) with (2.28) and (2.29) which 

leads to the Butler-Volmer equation:  

 
Ὥ ὲὊὃὯ ὅ ÅØÐ 

ρ ‌ὊὉ Ὁ

ὙὝ

 ὅ ÅØÐ 
‌ὊὉ Ὁ

ὙὝ
 

(2.31) 

Equation (2.31) describes the link between the applied potential, the surface concentrations and 

the resulting current at the interface 2,12,18. The Butler-Volmer equation is used to model the 

intercalation and deintercalation of Li-ions from the electrolyte into the host material. For the 

further transport of the ions inside the solids, other equations are necessary, which are described 

in the following. The flux of the ions ὐ inside the solid is driven by the difference in 

electrochemical potential ɳ‘ and dependent on the mobility of the ions ὓ  and the ionic 

concentration ὧ. The relationship is expressed in equation (2.32) 16,19ï21:  

 ὐ  ὓὧ ‘ɳ (2.32) 

For the difference in electrochemical potential, we combine equation (2.10) and (2.11) which 

leads to:  

 ‘ ‘ ὙὝÌÎὼ  ɱ„ ᾀὊ‰  (2.33) 

Applying the Nabla operator to equation (2.33) and noting that ɳ ὙὝÌÎὼ ὙὝ
ᶯ

 ὙὝ
ᶯ

 

gives 16:  
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‘ɳ ὙὝ

ὧɳ

ὧ
 ɱ „ɳ ᾀὊɳ‰  (2.34) 

Since the system is isolated and enclosed, conservation of mass applies:  

  
‬ὧ

‬ὸ
 ɳὐ π (2.35) 

Now combining equation (2.32), (2.34) and (2.35) and noting that ὓ
  

 
 leads to the 

change of ionic concentration due to concentration gradient, the presence of an electrical field 

and stresses inside the solid:  

 
‬ὧ

‬ὸ

ὲὊὈ

ὙὝ
ὙὝɳ ὧ ɱ ὧɳɳ „ ɱὧɳ „ ᾀὧὊɳ ‰  (2.36) 

 

 

2.4 Electrochemical Reactions Inside the Cell  

The principle of a battery cell is the transformation from chemical energy, which is stored in 

the material, into electrical energy and vice versa. The transformation of energy is achieved by 

coupled oxidation and reduction reactions, which are taking place at the electrodes of the 

battery. All the reactions are accompanied by a small amount of irreversible loss of energy due 

to side reactions and heat generation. The overall reaction can be expressed as follows:  

 ‡ὃ  ‡ὄ ᵾ ‡ὅ  ‡Ὀ F(2-1)  

The overall reaction is the combination of the reduction and oxidation and can be separated into 

the reaction on the cathode F(2-2) and the anode F(2-3).  

 ‡ὃ ὲ Ὡ ᵾ ‡ὅ F(2-2)  

  ‡ὄ ᵾ ‡Ὀ ὲ Ὡ  F(2-3) 

For example, looking at the combination of lithium metal and silicon as an electrochemical cell, 

the reactions taking place are the following, with formula F(2-4) as the overall reaction and 

F(2-5) and F(2-6) as the oxidation and reduction: 

 
Ø ,É3É ᵾ ,É3É 

F(2-4) 

 
Ø ,É ᵾ Ø ,É Ø Å 

F(2-5)  

 
3ÉØ ,É Ø Å ᵾ ,É3É 

F(2-6) 

 

Regarding the cathode materials used for current and future application, Lithium iron phosphate 

(LiFePO4 or LFP) is a highly promising candidate from the olivine-type family, due to low 
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costs, non-toxic materials, safety and offers a specific capacity of 170 mAh g-1. During the 

lithiation and delithiation, the LFP cathode undergoes a single phase transition from LiFePO4 

to FePO4:   

 
Ø ,É,É &Å0/ᵾ ,É&Å0/  

F(2-7) 

 
Ø ,É ᵾ Ø ,É Ø Å 

F(2-8)  

 
,É &Å0/ Ø ,É Ø Å ᵾ ,É&Å0/  

F(2-9) 

 

Side reactions play a major role in the aging of the battery cells, since they consume lithium 

and increase the resistance of the cell 22. Two main products of the side reactions are LiF, LiOH, 

Li xPFz, LixPOyFz and Li2CO3. There are several reaction mechanisms proposed in the literature 

for the production of these species. The most important are the decomposition of the lithium 

salt in the electrolyte F(2-10) and the decomposition of the electrolyte with the generation of 

gas F(2-11). These reactions are only an example for the decomposition of the electrolyte and 

the salt, there are several reactions happening simultaneously. In total, the side reactions are 

irreversible and the consumed products are lost for further electrochemical and chemical 

reactions. Nevertheless, in the first cycles, the reaction products can redissolve into the 

electrolyte, but this is limited to the beginning of the cycle life of the cell 23,24. 

 ,É0&  ᵼ ,É&0& F(2-10)  

 
#(/ #/ ς Å ς ,É  ᵼ ,É#/  #( Ç 

F(2-11)  

 

 

2.5 Degradation Mechanisms in Li -ion Batteries ï Current State of 

Research  

Since the commercial introduction of the Li -ion battery by Sony in 1991 there has been 

extensive study on the degradation of Li -ion batteries and the list of degradation mechanisms 

is up to now extremely comprehensive. However, the introduction and combination of new 

analysis methods and instruments provides further insights into the material and internal 

processes. Therefore, even after almost 30 years of commercialization, new insights on the 

degradation mechanism are still discovered.  

The degradation mechanisms in Li -ions batteries can be divided into five groups, i) the 

morphology of the electrodes, ii)  the electrolyte, iii)  the separator, iv) the surface layers at the 
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interface between electrodes and electrolyte and v) the current collectors. Each group shows 

different mechanisms influencing the degradation. However, the main consequences of the 

degradation are the increase of impedance and the decrease in capacity.  

 

2.5.1 Electrode Morphology 

Electrolyte co-intercalation 

The changes of the morphology are not only limited to the electrode surface, as well the bulk 

material exhibits morphological changes leading to the degradation of the battery. Nevertheless, 

the electrode-electrolyte interface is an important element for a stable operation of the battery. 

In the electrolyte, a solvation shell, due to the opposite charges of the Li -ions and electrolyte 

species, surrounds the Li-ions. During intercalation of the ions into the host, the solvation shell 

can intercalate as well into the host material leading to expansion of the host layer and finally 

resulting in the exfoliation of active material 22,25,26.  

 

Generation of cracks 

Linked to the co-intercalation of the electrolyte is the generation of cracks, which can be 

induced by co-intercalation, repeatedly volume changes during cycling, degradation of binder 

material and mechanical instability of the electrodes. These cracks can induce contact loss of 

the active material to the electrode or electrical conductive network, which leads to loss of 

active material and decrease the electrical conductivity of the electrode and therefore increase 

the impedance of the battery 27ï30.   

 

Structural changes 

The electrode material is highly stressed during the cycling due to chemical and electrochemical 

influences. The cycling can generate lattice defects in the crystal structure of the active material, 

due to the oxidation and dissolution of oxygen into the electrolyte. These lattice defects can be 

filled with Li -ions or transition metal ions, leading to the loss of active material and the 

polarization of the electrode. Likewise, oxidation of the active material leads to the generation 

of an isolating oxide layer on the particles, which increases the impedance. A decrease of the 

electrode porosity increases the impedance further. The porosity is decreasing due to the 

generation of the solid electrolyte interface on the anode side and the solid permeable interface 

on the cathode side and clogging of the pores inside the electrode. The decrease of the porosity 

slows down the ionic diffusion and increases the impedance and polarization of the electrode. 

The particle size changes during aging, phase transitions and volume changes lead to cracking 



Fundamentals of Electrochemical Cells 

16 

of particles (electrochemical milling). Following the particle cracking, small particles tend to 

combine and generate bigger agglomerates, since bigger particles are energetically more stable 

than smaller ones. This process decreases the active area, generates inhomogeneity in 

temperature and state of charge inside the electrode, decreases the electric and ionic 

conductivity and therefore increases the impedance. Another mechanism affecting the structure 

of the electrode are phase changes due to changes in the chemical composition. Depending on 

the materials, phase changes can generate volume changes of 200 % and more as it is for the 

lithiation of silicon. These volume changes affect the mechanical stability and generate cracks 

in the electrode, as it is mentioned above. In addition, incomplete phase transitions can lead to 

the trapping of active material. The phase change from LiFePO4 to FePO4 and back is 

sometimes assumed to proceed by a core-shell mechanism. An incomplete phase transition traps 

lithium inside the core with FePO4 surrounding it. Therefore, the trapping of lithium decreases 

the capacity due to the loss of active material.  22,29ï39. 

 

Dendrites  

Dendrites are needle like structures consisting, in case of the battery, of lithium. The growth of 

dendrites is caused by different mechanisms such as i) a steep ionic concentration gradient in 

the electrolyte leading to the polarization at the electrode-electrolyte interface, ii) a non-uniform 

SEI layer generating current density variations and iii) differences in the diffusion speed and 

electric field due to rough surfaces 40. Dendrites can grow through the separator and create a 

shortcut, which leads to the failure of the cell or even to a thermal run-away. In case the dendrite 

does not grow through the separator but breaks off, the active material is lost into the electrolyte, 

which leads to a capacity decrease 22,25,34,41ï48.      

 

2.5.2 Electrolyte  

The decomposition of the electrolyte is affecting the impedance of the battery cell. It 

decomposes due to instability at certain potentials and due to the presence of dissolved 

transition metal ions. Some of the reaction products of the electrolyte decomposition are 

gaseous and can therefore generate pressure inside the cell and lead to delamination of carbon 

layers at the anode. Other decomposition reactions consume the electrolyte solvent and salt 

additive leading to an increase in the electrolyte impedance 22,23,25,42,47,49,50.   
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2.5.3 Separator  

The main task of the separator is to isolate the cathode and anode electrically and, at the same 

time, act as a permeable layer for the Li -ions to travel back and forth between the electrodes. 

However, the porosity of the separator can decrease during cycling due to pore clogging with 

electrolyte components, oxidation of the separator material and deformation of the separator 

pore network due to external (e.g. external loading of the cell) or internal (e.g. SEI growth, gas 

generation or volume expansion of the electrode) compression. The mechanical stability of the 

separator is affected by the electrolyte, leading to swelling and softening of the separator. All 

of these effects increases the battery impedance and lower the permeability for ions 22,32,51ï54.   

 

2.5.4 Surface Layers on the Electrodes 

Anode surface layer  

The surface layer on the anode side is the solid electrolyte interface (SEI) and consists of 

decomposition products due to reduction of the electrolyte. The first decomposition products 

are considered to be organic species. At lower potentials, these organic species are partially 

transformed to inorganic precipitants. The SEI is mainly generated during the first few cycles 

and ideally stays stable during the further aging. However, partial damages of the SEI can 

induce further growth of the layer, which is accompanied by further decomposition of the 

electrolyte and consumption of electrolyte salt, and lithium, which leads to a decrease of the 

capacity and an increase of the impedance, due to the reduced ionic conductivity of the 

electrolyte. Some side reactions are accompanied by the generation of gaseous reaction 

products, these products induce cracks in the SEI and generate new SEI growth. In addition, 

the gas increases the pressure inside the cell, which can lead to leakages 22,25,29,32,47,55,56.  

 

Cathode surface layer 

Similar to the anode, the cathode surface forms a surface layer with decomposition products 

due to oxidation of the electrolyte as well. Edström et al. proposed the name solid permeable 

interface (SPI) for the cathode surface layer. Contrary to the SEI, the SPI does not cover the 

entire cathode surface and grows over the entire lifetime of the electrode. The layer consists of 

organic and inorganic decomposition products. The inorganic species show a dependency on 

the electrode material, while the formed organic species are generally the same. The surface 

layer reduces the electronic conductivity, hinders ionic diffusion and therefore increases the 

impedance of the electrode. In case the conductivity is not only reduced, but the particle is 

entirely isolated, the capacity decreases, due to the loss of active material 25,29,32,36,41,57ï59.    
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Lithium plating 

The deposition of a lithium metal layer on the surface of the anode emerges mainly at low 

temperatures during the charging process. Due to the reduced diffusion at low temperatures, the 

Li -ion intercalation is hindered. This leads to the accumulation of Li -ions at the surface and 

finally to the deposition. High charging rates and high potentials are amplifying the effect. 

Electrode misbalancing can influence the probability of lithium plating. In case the anode 

capacity is too small, Li -ion intercalation is blocked at a certain point and the remaining Li -ions 

are depositing on the anode surface. The process is partly reversible and lithium is stripped off 

the anode surface during discharge. However, some of the lithium is lost, which leads to the 

reduction in capacity. The deposited lithium is reacting with the electrolyte forming a SEI layer, 

which reduces the ionic conductivity of the electrolyte and increases the impedance, due to the 

additional surface layer. Additionally, the metallic surface layer reduces the electrode porosity 

and therefore reduces the active material surface, which increases the current density on the 

remaining material surface and amplifies the lithium plating. In addition, active material can 

get isolated, which reduces the capacity 22,32,60.  

 

2.5.5 Current Collector  

The current collector serves as an electrically conductive substrate for the electrode material. 

Since it is also in contact with the electrolyte, side reactions can lead to the corrosion of the 

current collector surface. Corrosion increases the impedance of the cell, since the contact 

resistance between electrode material and current collector increases. Moreover, the increase of 

the contact resistance increases the ohmic overpotentials. Additionally, corrosion leads to 

inhomogeneous current distributions in the electrode, which facilitates lithium plating. Severe 

current collector corrosion leads to the contact loss between collector and active material and 

therefore to a decrease of the capacity 22,31,48,61.    

 

2.5.6 Degradation Mechanism Summary  

The degradation mechanisms can be put into two groups, in the first group are mechanisms 

leading to a capacity decrease and in the second group are mechanisms leading to an increase 

of the overall cell impedance.  

 

Capacity decrease:  

Á Co-intercalation of electrolyte with resulting delamination of electrode material 
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Á Agglomeration of particles  

Á Dissolution of active material into the electrolyte with resulting deposition on the anode 

surface 

Á Generation of dendrites on the anode surface  

Á Incomplete phase transitions with isolated active material 

Á Consumption of active material, due to surface layer build-up on the electrodes 

Á Electrically isolation of active material    

 

Impedance increase:  

Á Decrease of the electrode and separator porosity 

Á Decomposition of the electrolyte  

Á Build-up of additional surface layers on the electrodes (SEI, SPI, Li plating)  

Á Corrosion of the current collectors  

Á Decrease of electrical conductive electrode network 

Á Increase of diffusion length inside particles due to agglomeration   
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3 Measurement and Analysis Methods 

This chapter describes the methods and analysis tools used for examine battery electrode 

degradation. Part of this work has already been published in the same or similar form in 62,63.  

3.1 Atomic Force Microscopy 

Atomic force microscopy (AFM) is one technique out of the group of scanning probe 

microscopy (SPM). It is based on the general principle of scanning tunnelling microscopy 

(STM), which uses a similar set-up. STM was primary introduced by Binning and Rohrer in 

1979 64. The STM technique uses a sharp, needle-like tip, which is scanned in close contact 

over the surface of the sample. The lift height of the tip over the sample surface is controlled 

by the tunnelling current measured between the tip and the sample. Since the feedback loop of 

the microscope is depending on the tunnelling current, utilization of STM is limited to 

conductive materials in vacuum.  

 

Figure 3-1: Principle set-up of an AFM 65 

 

AFM, developed by Binning and his co-workers 66, is an advanced SPM technique, which uses 

a cantilever with a tip at the end to track the sample surface. The tip can be constantly in contact 

with the surface (contact mode) with a constant deflection of the cantilever as set-point, oscillate 

over the sample and touch the surface frequently (intermittent mode) or lifted over the sample 

surface and oscillating with no contact at all (non-contact mode). To track the bending of the 

AFM tip due to the interaction with the surface, a laser is focused on the end of the cantilever 
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and reflected onto a photodiode with four quadrant. Figure 3-1 illustrates the principle set-up 

of an AFM. Due to the intensity differences on the photodiode quadrant, the vertical and lateral 

displacement is tracked. The signal of the photodiode is fed to the feedback loop of the control 

system and used to adjust the actual set-point to the desired value. AFM analysis provides high-

resolution images comparable to Transmission Electron Microscopy (TEM) down to the 

visualization of atoms 65. At the same time, more advanced AFM modes deliver not only the 

surface topography, but also material properties like elasticity, stiffness, work function and 

conductivity. In addition, the measurement environment is not limited to vacuum, as it is for 

TEM analysis, but can be in ambient air or in liquids.    

 

There are different ways to extract material properties from AFM measurements. Either by 

force-distance curves or by analysing the change in amplitude and frequency shifts in the 

oscillation of the AFM tip 65,67ï69. For the measurements presented here, force-distance curves 

are used to extract the material properties. An example of a force-distance curve is shown in 

Figure 3-2. The black solid line represents the approach of the tip towards the sample surface. 

With decreasing distance between the tip and the surface, a negative force due to attracting 

forces between the tip and the surface emerges. At a certain distance between the tip and the 

surface a snap-in of the tip towards the surface occurs, now the tip is in contact with the sample 

surface. With the further movement of the piezo towards the sample surface, the repulsion force 

increases, the cantilever of the AFM tip starts bending and a deformation occurs. Ideally, the 

deformation is reversible and limited to the sample surface. Worst case, the deformation is 

irreversible and only limited to the tip, which leads to degradation and destruction of the tip. 

Which of these two cases occurs is depending on the surface stiffness, spring constant of the 

tip, surface roughness, applied force and tip material.   
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Figure 3-2: Example of a force-distance curve 

 

Figure 3-3 gives an example for some material properties extracted from force-distance curves. 

The sample is a silicon composite anode fabricated at the German Aerospace Centre in 

Stuttgart. The marked areas are examples for differences in the material properties. Figure 3-3b) 

is the adhesion and c) is the DMT (Derjaguin, Muller and Toporov) Modulus, which represents 

the stiffness of the material, without any clear visible difference in the topography in a).  

a) 

 

b) 

 

c) 

 
Figure 3-3: Example of an AFM measurement showing a) the topography, b) the adhesion 

and c) the DMT Modulus. The marked areas are examples for different behaviours of the 

material properties.  

 

The AFM tips are generally made from silicon or doped silicon and fabricated by an anisotropic 

wet etching technique using for example potassium hydroxide (KOH). In several etching and 

coating steps, the shape of the AFM tip is etched out of bulk material. Afterwards, surface 

coatings are added to increase the laser beam reflection on the top side or to add an electric 

conductive or magnetic layer on the tip side of the AFM cantilever 65. Figure 3-4 shows some 

examples of AFM tips, a) shows the tip with part of the cantilever and b) is a zoom onto the 

very end of another AFM tip, which has a tip radius of about 25 nm.  
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a) 

 

b) 

 
Figure 3-4: a) SEM image of an AFM tip, b) zoom onto the tip  

 

The AFM measurements presented were performed using a Bruker Icon installed inside a 

MBraun Glovebox.        

 

For the AFM analysis, various signals are presented, (i) the height image, which represents the 

sample topography, (ii) the Peak Force Error, which is the feedback signal for the set-point 

control and serves as a representation of the sample surface, without the influence of height 

differences, (iii) the adhesion, which is the force needed to detach the AFM probe from the 

sample surface and (iv) the Peak Current, which is the measured electrical current during the 

time of the highest force and (v) the DMT-modulus, which represents the stiffness of the 

sample. For the conductivity measurements, a bias voltage of usually 3.0 V was applied 

between tip and sample. Commercially available AFM tips from NT-MDT (Etalon 

HA_FM/W2C+, 75 kHz, 3.5 N/m) with an electrical conductive W2C coating or Bruker (SCM-

PIT, 75 kHz, 3.0 N/m) with an electrical conductive Pt-Ir coating are used. Analysis of AFM 

measurements was conducted using NanoScope Analysis 1.9 software. 

 

 

3.2 Scanning Electron Microscopy and Energy Dispersive X-ray 

Spectroscopy  

In scanning electron microscopy (SEM) a focused electron beam is scanned over the sample 

surface. Different detectors detect the electrons scattered from the sample surface and the 

intensity of the scattered electrons is transformed into a grey scale image. The primary electrons 

(PE) are emitted either by thermionic emission or by field electron emission. In thermionic 
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emission, a filament cathode, usually tungsten, is heated up, which leads to the emission of 

electrons. In field electron emission, a high negative potential is applied to an electron emitter, 

creating high extraction fields of more than 109 V m-1, which finally leads to the emission of 

primary electrons. The emitted primary electrons are focused by magnetic lenses and used to 

scan the focused electron beam over specific locations on the sample surface. The sample 

chamber is operated under vacuum during the measurements to minimize the contamination on 

the primary electron source and to reduce attenuation of the energy of the primary electrons by 

interactions with particles in the sample chamber.          

 

The primary electrons are generating various signals after striking the sample surface (see 

Figure 3-5a), such as secondary and backscatter electrons, X-ray photons, visible light photons 

and Auger electrons. For imaging of the sample surface the secondary and backscatter electrons 

are used. Secondary electrons (SE) are generated by collision of the primary electrons with 

valence band electrons of the sample, which are afterwards emitted from the sample. Back-

scattered electrons (BSE) are primary electrons, which propagate through the sample by 

recurring collisions and are emitted again from the sample. For the evaluation of elements in 

the sample, the X-ray photons are used. This technique is called energy dispersive X-ray 

spectroscopy (EDX), the signal generation is shown in Figure 3-5b) 70. The electrons in the core 

shells are ionized by the incident PE beam, leaving behind a hole, which is filled by another 

electron from an outer shell. The drop of electrons from the outer shell leads to the emission of 

a characteristic X-ray fluorescence line. In the case shown in Figure 3-5b), the 1s electron is 

ionized and leaves behind a hole, which is filled by a 2s electron from the outer shell. The drop 

from the 2s shell to the 1s shell leads to the emission of a KŬ X-ray with a specific energy, 

which is characteristic for each individual element. Depending on the shell level, from which 

the hole-filling electron is originating either KŬ or Kɓ (drop from M or L to K shell) or LŬ or 

Lɓ (drop from M to L shell) X-rays are emitted.    
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Figure 3-5: a) generation of SE, BSE and X-ray by the focused PE electron beam from the 

sample surface and b) signal generation for the detection of the element specific X-ray for 

EDX analysis 

 

The SEM and EDX measurements were performed using a Jeol JSM-7200F equipped with a 

Bruker Quantax EDX system. Cross-section cuts were conducted using an unfocused Ar ion 

beam (Jeol IB-19520 CCP, 6kV for 4h) equipped with a sample transfer chamber, to avoid any 

contact with the ambient air during the preparation process 71. 

   

3.3 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is used to analyse the chemical composition and 

chemical bonding of surface layers with a thickness of up to 10 nm. Except for helium and 

hydrogen, all other elements can be observed.  

The X-ray photon irradiation on the sample surface with the energy Ὤ’ leads to the 

photoemission of core level electrons with a specific kinetic energy, if the excitation energy is 

sufficient for the electron to leave the sample. The binding energy is then afterwards calculated 

by the known X-ray photon energy, the measured kinetic energy of the emitted electron and the 

work function of the spectrometer. Each element has a characteristic binding energy and shifts 

in the binding energy provide information about the binding state.     

 

a) b)
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Figure 3-6: Illustration of the emission of an electron from the 2p level by X-rad photo 

irradiation. 1s, 2s and 2p are representing core levels, EV the vacuum level, EF the Fermi 

level, EK the kinetic energy, • the work function of the sample and EB the binding energy. 

 

In Figure 3-6, the illustration of the emission of an electron from the core level by the X-ray 

photon irradiation is displayed. In case the excitation energy Ὤ’ from the X-ray photon exceeds 

the binding energy EB and the work function of the sample •, the electron is ejected from the 

sample.  

The results of the XPS analysis presented here was conducted using an Al KŬ source with an 

energy of 1486.6 eV and a hemispherical analyser (Thermo Scientific ESCALAB 250) at a base 

pressure of 2x10-10 mbar. Spectra were energy calibrated with reference to the Ag3d3/2 signal 

of a clean etched silver surface. Spectra are displayed normalised, and numerical peak signal 

fitting was carried out using Voigt peak shapes using OriginLab software. Depth profiling was 

carried out by Ar+ ion bombardment at argon pressure of ~2.5x10-8 mbar and with an average 

sample current of 2.0 µA. 

 

3.4 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a powerful tool for the investigation of 

electrochemical reactions and transport processes inside a system. In combination with the 

fitting of electric circuits to the resulting spectra, physical parameters like resistances and 

capacitances can be extracted. The basic concept is the measurement of a resulting electrical 

response of a system, due to the application of a voltage or current signal. The response has the 

same frequency as the applied signal, but is usually shifted in the phase. The theoretical 
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treatment of the system is done in the frequency domain, since the solutions in time domain 

contain differential equation. Thus, the impedance can be written as:  

  

  ὤὭȟ‫  
Ὂ ὠὸ

Ὂ Ὅὸ
 (3.1) 

Here, Ὂ  represents the Fourier transformation of the voltage and current signal and ὤὭȟ‫  

the impedance in imaginary and frequency space. The impedance is the sum of the real (3.3) 

and imaginary part (3.4), which are depending on the phase angle —.  

  ὤὭȟ‫ ὤ Ὥ ὤᴂᴂ  (3.2) 

 2Åὤ ὤ Ὥȟ‫ ȿὤȿ ÃÏÓ— (3.3) 

 )Íὤ ὤ Ὥȟ‫  ȿὤȿ ÓÉÎ— (3.4) 

Even though electrochemical cells are non-linear systems, small excitations can result in a linear 

response of the system. The linear response is needed to validate the use of Ohmôs law in 

equation (3.1), for non-linear responses, the theoretical treatment gets more complicated and 

the given equations do not hold anymore. For potentiostatic EIS, small excitations are voltage 

amplitudes below the thermal voltage ὠ ὙὝȾὊ which is about 25 mV at room temperature, 

in the literature the voltage amplitude is normally in the range of about 5 ï 10 mV.  

The disadvantage of EIS is the sensitivity of the results to external interferences, system 

stability and internal noise. Therefore, it is necessary to use a faradaic cage if possible, to 

minimize the contact resistances at connections and the inductive influence of cables and to 

shield the electrochemical cell from interferences coming from the counter and working 

electrodes. Additionally, the system needs to be at equilibrium and it needs to be assured, that 

the response is solely due to the applied excitation 15,72.    

 

3.5 Incremental Capacity and Differential Voltage Analysis  

Incremental capacity analysis (ICA) and its counterpart differential voltage analysis (DVA) are 

non-destructive techniques to investigate phase changes and intercalation of ions during 

electrochemical processes 73,74. It was first applied by Balewski and Brenet in 1967 for half 

cells 75. Thompson used a similar technique to analyse the ordering of lithium ions in TiS2 

crystal layers 76, Dahn determined the staging steps of lithium ions in graphite 77 and several 

groups are using it to reveal the degradation mechanisms in Li-ion batteries 35,48,73,78ï84. It is 

used to monitor the ageing of the cell and can serve as a tool to estimate the state of health 

(SOH) of the cell 85ï90. We are using ICA and DVA for the evaluation of the degradation 

mechanisms, since these techniques are complementary to each other and can be used as a 
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verification of observed degradation mechanisms. However, certain degradation mechanisms 

such as the change of cell impedance is only observed in the ICA curves, while loss of lithium 

inventory and loss of active material are more clearly observed in the DVA curves. Therefore, 

both methods are employed for the evaluation of the degradation mechanisms.     

 

Peaks in the ICA curves represent staging or intercalation of ions during one phase equilibrium. 

In DVA curves, the peaks represent the phase transitions 48,73,82,91. Even though the system 

should be at or near equilibrium for the calculation of the ICA and DVA, the analysis delivers 

reasonable results at C-rates around 1C. Weng et al. show that a C/2 rate for the charge and 

discharge process can be used for the identification of the peaks in ICA curves 89 and Dubarry 

et al. use C/5 and C/2 rates to determine the ICA. In their investigation it is observed, that some 

ICA peaks have a rate dependency and that in general lower C-rates show more distinguishable 

peaks 83. Li et al. compare C/25 with 1C discharging current. The main peaks are visible in both 

discharging rates, but with C/25, additional, less pronounced peaks are observable 86. The 

presented ICA and DVA results are derived from C/2 measurements, knowing that the system 

is not at equilibrium. However, all expected peaks are observed with sufficient intensity (five 

peaks for the ICA and four peaks for the DVA) for the peak tracking over ageing.  

 

The ICA is defined as the derivative of charge or discharge capacity Q with respect to the 

voltage V and is written as dQ/dV. For the numerical calculation of the ICA the derivative 

dQ/dV is approximated by æQ/æV where the step size æ is chosen to minimize the noise without 

losing any significance of the ICA peaks. The DVA is defined as the derivative of the voltage 

V in respect to the capacity Q and is written as dV/dQ. As for the ICA, the derivative is 

approximated with æV/æQ. Afterwards, smoothing of the resulting curves is done with different 

techniques. Division by zero can occur in the ICA (due to flat voltage profiles during phase 

transitions, dV can be equal to zero), but this does not hinder the analysis of the ICA data 73. 

Noise reduction in the ICA and DVA curves is done using standard techniques such as moving 

mean average 86,92, Gaussian filter 86, support vector regression 88,90 and centre least square 

method 90. We used the moving mean average filter to reduce noise in the data with a moving 

window of 50 data points for ICA and DVA arrays with a length of about 6400 data points. 

Application of the moving mean filter did not have any significant influence on peak intensity 

and location. The charge and discharge processes were recorded with the battery cycler (CTS-

XL, BaSyTec GmbH) and analysed in Matlab® (Release 2018).  
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An example for the resulting ICA and DVA curves and the corresponding features of the 

discharge potential profile is presented in Figure 3-7. It shows a potential profile of a discharge 

process of a fresh, commercial LFP cell (Figure 3-7a) and the resulting ICA (Figure 3-7b) and 

DVA (Figure 3-7c) curves. The visualization shows the transformation of potential plateaus 

into peaks for the ICA and valleys of the DVA. The transitions from one potential plateau to 

the next are transformed into peaks in the DVA and valleys in the ICA 93.    

 
Figure 3-7: Discharge profile of a fresh LFP cell in a) and the resulting ICA (b) and DVA (c) 

curves 93 

 

 

3.6 Pseudo-OCV and non-equilibrium OCV tracking  

The OCV was evaluated using C/2 charging and discharging curves to calculate the pseudo-

OCV curve with Ὁ ρ
ςὉ  Ὁ . Additionally, a here so-called non-equilibrium OCV 

(nonequi-OCV) for the EOC and EOD was recorded using the cell resting voltage after charging 

or discharging with 1C to the cut-off voltage and with only five minutes of resting time. The 

evolution of the OCV shows, that the system does not reach electrochemical equilibrium after 

five minutes, hence the denotation non-equilibrium OCV.  
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4 Focus on Electrochemical Strain Microscopy Technique 

4.1 Principle of Electrochemical Strain Microscopy (ESM) and the Tailored 

ESM Technique  

The principle set-up and underlying signal formation principle are presented in Figure 4-1.  

 

Figure 4-1: Basic signal formation principle (a) and application of the voltage step with 

resulting surface displacements, called ESM signal (b).   

 

The tailored time domain ESM (t-ESM) technique uses a different approach compared to the 

originally published technique by Balke et al. 94 and was proposed as time domain 

measurements performed by Jesse et al. 95. In the original technique of Balke et al., an ac-

voltage is applied between the tip and the sample, which is assumed to induce an oscillation of 

the ions in the solid sample. The oscillation of the ions induces an oscillating volume change 

and is transferred to the sample surface. Its movement is measured as deflection of the AFM 

tip. In the time domain measurement, a dc-voltage of several milliseconds is applied to the tip 

to induce a concentration change, which is tracked using the surface displacement amplitude at 

the ac-voltage frequency. To increase the sensitivity of the measurement, the signal can be 

amplified using the contact resonance frequency of the AFM tip with the sample-tip contact 

resonance frequency as the driving frequency of the applied ac-voltage. Since the contact 

resonance frequency is linked to the material properties and topography, it changes during the 
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surface scan and needs to be tracked using a phase looked loop (PLL) 21,96,97, dual resonance 

frequency tracking (DRFT or DART) 98,99, or band excitation (BE) 100ï102. Hence, errors in the 

tracking of the resonance frequency may lead to artefacts in the data. Using just a single 

frequency out of the contact resonance range leads to a lower amplification, but has the 

advantage that it is insensitive to material properties and topography crosstalk. 

 

In a first approach, the relationship between the change in ionic concentration and the surface 

strain ‐ȟ is given by Hookeôs law in equation (4.1) 20,103ï106.   

 ‐ȟ  ‍ȟ ‏ὧȟ  
ρ ’

Ὁ
 „ȟ (4.1) 

The first term on the right-hand side ‍ȟ ‏ὧȟ represents the chemical contribution to the strain, 

while the second term on the right-hand side  „ȟ represents the contribution of internal 

stress. In this case, ‍ȟ is the Vegard expansion tensor, ‏ὧȟ is the change in Li -ion 

concentration, ’ is the Poissonôs ratio, Ὁ is the modulus of elasticity and „ȟ are the stress 

components. Other contributions to the surface strain are discussed in section 4.2, but are 

assumed to play a minor role and are neglected. Following the implications of equation (4.1) 

with the assumption that the chemical component is the only relevant contribution to the surface 

strain, it can be concluded that the change in Li -ion concentration ‏ὧȟ is proportional to the 

resulting surface strain ‐ȟ. Morozovska et al. presented a general solution for the surface 

displacement όȟ based on the strain from equation (4.1) 107. Their solution demonstrates that 

the surface displacement όȟ is proportional to the concentration change of the ionic species 

and dependent on the Vegard expansion tensor, which is expressed in equation (4.2) 21. 

 όȟ  θ‍ȟ ‏ὧȟ (4.2) 

Therefore, the resulting surface displacement amplitude is proportional to the change in Li -ion 

concentration ‏ὧȟ, which is linked to the mobility of the ions in the material beneath the tip 

101,108,109. The change in surface displacement amplitude is therefore correlated to the change in 

ionic concentration, and in addition the transient behavior to the diffusion of the ions. 

 

The measurement is divided in two time periods. In the first period the electric field is the 

driving force for the ionic movement, while at the same time, the concentration gradient is 

directed in the opposite direction of the electric field hindering the migration (migration/ 

diffusion). This yields an effective migration/ diffusion coefficient D1. In the second period, 

the driving force is the concentration gradient, which is induced by the increased/decreased 
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local ion concentration built up by the migration in the first range and leads to a diffusion 

coefficient D2, which is solely caused by the concentration gradient.      

 
ὧὼȟὸ  ὃ ÅØÐ 

 ὼ

τὈὸ
 (4.3) 

 ὧᶻὼȟὸ  ὥÅØÐὦ ὸ ὧ (4.4) 

 

Local diffusion coefficients were extracted by fitting the data points retrieved from the 

expansion/retraction curves. The analytical solution for the diffusion calculated thereby is given 

in equation (4.3) with the diffusion coefficient D and a pre-exponential component A0. Jesse et 

al., Luchkin et al. and Guo et al. proposed an exponential behavior as it is seen in equation (4.3)  

95,108,110ï112.  The characteristic time constant with ὦ  ρ†ȟ was retrieved using equation 

(4.4), the diffusion coefficient was calculated using Ὀȟ  
ȟ
. The characteristic length ὰ is 

the tip radius.  

 

Depending on the polarization, the local ionic concentration beneath the tip increases or 

decreases, accompanied by a surface expansion or contraction and is recorded by the vertical 

deflection of the tip. During the applied voltage pulse, migration and diffusion take place in 

opposite directions; after the applied voltage pulse relaxations takes place due to pure diffusion.  

With this set-up, the change of local ionic concentration and the dynamic movement of ions are 

mapped simultaneously. The dependence on time of the characteristic time constants for every 

image point delivers local information on the diffusion and migration of the ions in the material 

62.   

 

4.1.1 Measurement Set-Up  

The experimental set-up used is shown in Figure Figure 4-1a. A Bruker Icon system installed 

inside a glovebox, equipped with PeakForce Mode and a Zurich Instruments (HF2LI) lock-in 

is used. As AFM probes either Bruker SCM-PIT with a spring constant of 2.8 N/m, Pt/Ir coating 

and a resonance frequency of approximately 75 kHz or probes from NT-MDT with 3.5 N/m, 

W2C coating and a resonance frequency of approximately 77 kHz were used. Voltage pulse 

generation and data recording was performed with a LabVIEW (V. 2016) routine on an 

additional computer. The voltage pulses were applied directly to the AFM tip using a modified 

PFM module with an amplitude of 3 V for the dc-voltage pulses and 2 V for the superimposed 

ac-excitation at 25 kHz or 40 kHz. The dc-voltage induces the change in the ionic concentration, 

which is tracked using the amplitude of the oscillating surface at the ac-voltage frequency and 
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further referred to as ñsurface displacementò with arbitrary units. The photodiode signals of the 

AFM were extracted using a Bruker break-out box (SAM V) and recorded with a National 

Instruments PCI card (NI 6111). The surface displacement signal is the real, in-phase signal 

amplitude (X) of the lock-in from the vertical deflection photo diode AFM signal. Morozovska 

et al. show, that the real part of the surface displacement is mainly determining the absolute 

signal, especially at lower frequencies for concentration driven processes, which corresponds 

to the dc-voltage off period of our measurement 107,113. The proposed theory of Morozovska et 

al. is in agreement with our observation, namely the X signal showing nearly the same signal 

intensity compared to the amplitude R (Figure 4-2). 

 

Figure 4-2: Amplitude R signal in a) and in-phase signal X in b) showing the same signal 

intensity 62 

 

The AFM measurements provide the two standard signals, the topography of the sample and 

the deflection error, which is the feedback signal of the control unit. The measurements are 

performed in contact mode with an additional interleave scan line. In the first scan line, the 

topography and deflection error are recorded as trace and retrace scans. This is the standard 

contact mode. In the second scan line, the tip scans the same location again. The voltage pulses 

are applied to the tip with a positive polarity during trace, and negative polarity during retrace. 

The standard scanning mode is not influenced by the applied potentials at the tip. The data 

analysis of the recorded AFM mappings was performed for every data point separately using 

MATLAB (Release 2018a) 62. 

Tip calibration was performed by the thermal tune of the AFM with the adaption of the 

deflection sensitivity. The measurements have a pixel density of 256 x 100 measurement points, 
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which means that the pixels have a rectangular shape in the direction of the scan direction (left 

to right) and are not squares 63. 

 

4.1.2 Measurement of Dynamic Behavior  

An example of the recorded signal at one data point is given in Figure 4-1b) for a measurement 

on Si/C electrodes. The surface displacement (ESM signal amplitude, which is extracted from 

the vertical photo diode signal as the response of the ac-voltage) is drawn against the time. The 

middle part gives the surface displacement during the negative applied voltage step, the lower 

part the surface displacement due to a positive applied voltage step. The surface displacement 

is indicated as æH, which is the signal amplitude difference from the beginning of the voltage 

pulse to the end of the voltage pulse. If not otherwise stated a voltage step of ±3 V was applied 

for 10 ms, and recorded for further 15 ms to include the relaxation process. During the negative 

polarization of the tip, Li -ions are accumulating in the material and move towards the tip. In 

case of the positive polarization of the AFM tip, Li -ions are migrating in the opposite direction, 

away from the AFM tip. Using this set-up, differences in the response of ion movement due to 

the polarity at the AFM tip are recorded at the same location.  

 

4.2 Vegard and Non-Vegard Contributions to the ESM Signal 

Different effects are possible to influence the surface expansion of the sample surface. The main 

effects are discussed here. The surface displacement due to Vegardôs law is assumed by some 

authors to be the main effect, causing the surface displacement in the ESM experiments 

103,107,114. Other groups are proposing different effects as the origin of the ESM signal. Amanieu 

et al. consider a Lorenz-like electric force to induce the ionic vibration in the lattice 21, while 

Lushta et al. 115 and Schön et al. 109 are assuming electrostatic forces to play a major role in the 

generation of the ESM signal 62.   

 

4.2.1 Vegardôs Law 

Vegard reported in his work from 1921 changes he observed in the X-ray diffraction spectra of 

mixed crystals with different ionic salts and concentrations in the crystal 116,117. Vegard showed, 

that at constant temperature, a linear relationship exists between the concentration of the ionic 

salt and the lattice constants. He proposed an ñAdditivitªtsgesetzò which is now known as 

Vegardôs law, it is given in (4.5). Here ὥ  is the lattice constant of the mixed crystal,  ὥ and 
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ὥ  the lattice constants of the pure elements and ὴ the molar fraction in percent of the element 

ὥ  in the mixture.   

  ὥ  
ὴ ρππ

ρππ
 ὥ  

ὴ

ρππ
 ὥ  (4.5) 

The idea behind this expression is the assumption, that the combined crystal cell is a simple 

combination of the atomic sizes of the individual, isolated elements 118. The results using 

Vegardôs law are often not precisely correct and deviations are observed. Therefore, it is an 

approximation for first analysis, but not an exact calculation 119ï121.   

Denton and Ashcroft identified the atomic size as one major impact on the crystal structure of 

the mixed crystal, but they point out, that other effects like relative volume per valence electron, 

Brillouin-zone effects and electrochemical differences of the elements, do have an influence on 

the lattice  117.  

The contribution of the Vegardôs law on the strain ‐ is dependent on the concentration change 

of the involved ionic species ‏ὧ and the Vegard strain tensor ‍ȟ, given by:  

  ‐  ‍ȟ ‏ὧ  (4.6) 

For simplification, the Vegard strain tensor is assumed to be isotropic and contains only entries 

on the main diagonal, so that ‍ȟ  ‍  ‍  ‍  ‍  103.  

Morozovska et al. derived approximations for the surface displacement during ό ὸ ὸ  and 

after the voltage pulse ό ὸ ὸ  for the assumption of an ionic flux driven process 107.      

  ό ὸ ὸ  ρ ’ẗ
τ ‍ ὠ

Ѝ“
ẗЍὈὸ  (4.7) 

 ό ὸ ὸ  ρ ’ẗ
τ ‍Ὑὸ

φ Ѝ“Ὀὸ
 (4.8) 

Here, ὸ and  ὠ are the duration and amplitude of the voltage pulse, Ὑ is the AFM tip radius 

and Ὀ is the diffusion coefficient.  

   

4.2.2 Piezoelectricity, Flexoelectricity and Electrostriction 

The piezoelectric effect can occur either as the direct or as the inverse piezoelectric effect. In 

the direct piezoelectric effect, an applied force working on the crystal lattice displaces the 

equilibrium arrangement of the atoms. In equilibrium, the net charge is zero, since the opposite 

charges cancel out. In case of a deformation due to an applied force, the centres of the positive 

and negative charge do not align anymore, which induces a polarization of the crystal. For the 

inverse piezoelectric effect, an electric field induces a change of the polarization out of the 

equilibrium position, which induces stress and leads to a deformation.  
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Piezoelectricity is only found in crystals, which show a non-centrosymmetric crystal lattice. If 

the change in temperature of the materials leads to a change of the polarization due to volume 

change, the material is additionally pyroelectric. If the polarisation of the crystal can be 

switched by an electric field, the material is ferroelectric 118.  

Flexoelectricity is similar to piezoelectricity, a deformation induces polarization and vice versa. 

The crucial difference is the strain distribution. For the piezoelectric effect, polarization is 

coupled to a homogeneous strain, whereby for the flexoelectric effect, polarization is coupled 

to a strain gradient. In contrary to the piezoelectric effect, which is only observed in non-

centrosymmetric crystals, flexoelectricity can appear in all material structures 122. Especially 

for electric fields generated by AFM tips, flexoelectricity should be considered in the analysis 

of the results of ESM measurements, since the generated strains due to ionic redistribution are 

likely not homogeneously distributed in the material. Ma calculated the stress due to 

flexoelectricity, induced by an AFM tip in a ferroelectric perovskite, in the order of several GPa 

with only 1 V applied to the tip 123. Flexoelectricity is more likely influencing the ESM 

measurements compared to piezoelectricity when assuming the stress in the material due to the 

difference in ionic concentration, which is indeed not homogeneous. In addition, for 

polycrystalline materials, piezoelectricity should play a minor role, since the net polarization 

change is zero due to the polycrystalline arrangement of the dipoles 118.           

The strain due to piezoelectricity and flexoelectricity is given by:  

  ‐ȟ  Ὣᶻ ὖ ɱ
‬ὖ

‬ὼ
  (4.9) 

With Ὣᶻ  as the converse piezoelectric tensor, ɱ  the flexoelectric strain tensor, ὖ the 

polarization and ὼ as the coordinate 123.  

Electrostriction is the generation of mechanical strain based on the electrical polarization. The 

electromechanical strain ‐ based on electrostriction can be simplified for materials with a 

centre of symmetry and by neglecting higher order polarization as:  

   ‐  ὗ ὖὖ  (4.10) 

In equation (4.10), ὗ  represents the electrostriction tensor coefficient for symmetric 

materials (all odd locations of the tensor are zero) and ὖ  and ὖ the polarization in the 

respective direction 124.  

Piezoelectricity, flexoelectricity and electrostriction are assumed not to be the primary 

mechanism for the signal generation for the ESM measurements presented here, due to 

measurements on fresh silicon, Si/C anode, carbon, HOPG and polyether ether keton (PEEK), 

which did not show a signal generation dependency on the applied voltage profile. 
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Nevertheless, since ions are influencing these effects, especially electrostriction, it is difficult 

to rule them out completely in the lithiated samples. However, Kalinin and Morozovska are 

reporting their influence to be at least one order of magnitude smaller, compared to the Vegard 

expansion 103.  

 

4.2.3 Electron-Phonon Coupling 

In electron-phonon coupling, stress and strains in materials can lead to conduction band edge 

shifts and redistribution of the concentration of electrons in the conduction and holes in the 

valence band. As for the piezoelectric effect, the converse effect exists, in which strain and 

stress in materials is induced by band edge shift and concentration redistribution. The strain due 

to electron-phonon coupling can be expressed as:  

 ‐ ὶ ί „ ὶ  ɧ ὲ ὶ ὲ ɧ ὴὶ ὴ   (4.11) 

 

With ɧ  and ɧ  as the deformation potential tensors of electrons in the conductive and holes 

in the valence band,  ὲ ὶ and ὴὶ the density of electrons and holes in the conductive and 

valence band during the presence of strains, ὲ  and ὴ the density of electrons and holes during 

equilibrium and ί  as the tensor of elastic compliances 125.   

The electron-hole and electron-phonon coupling are expected to be at least one order of 

magnitude smaller compared to Vegard expansion 103,125ï127.  

 

4.2.4 Electrostatic Influence 

The electrostatic influence on the ESM signal is generated by two different mechanisms. The 

first mechanism contributes to the ESM signal by the electrostatic force generated by the 

polarized AFM tip and acting on the tip and the cantilever and therefore influencing the bending 

of the cantilever 128ï131. This influence is not related to the movement or presence of ions and 

can therefore generate wrong interpretation of the underlying ESM signal. The second 

mechanism, which is contributing to the ESM signal and based on the presence of charges in 

the material, is the force acting on the cantilever due to the attractive or repulsive force 

generated by the polarized AFM tip and charges trapped inside the material 132. However, a 

highly polarized AFM tip can inject charges into the material surface. Afterwards, the injected 

charges influence the electrostatic force between the AFM tip and the charges, which have been 

already present before 128,131,133,134. However, charge injection from the AFM tip is unlikely, 

since only small voltage amplitudes are used, but cannot be ruled out completely. Trapped 

charges and charge injection would have occurred at the fresh samples during the control 
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experiments, which were not observed. The influence of surface and space charges can be 

evaluated using the Maxwell-Wagner relaxation time. Using typical values for the dielectric 

permittivity of LFP (between 5 and 12 135) and the electrical conductivity of around 10-6 S/m 

136, the relaxation time († , with ‐ ψȢψυϽρπ  !Ó 6 Í  leading to roughly 10-6 s 

and lower) is several orders of magnitude smaller than the measured signal relaxation time 

(around 10-3 ï 10-1 s). For silicon, the dielectric permittivity of silicon is around 12 and the 

electrical conductivity around 1.5·10-3 S/m, using these values leads to the relaxation time of 

roughly 10-8 s, which is several orders of magnitude smaller than the measured signal relaxation 

time (around 10-3 ï 10-1 s) and values found in the literature for the relaxation time 95,110.   

 

4.2.5 Lorentz-like Force 

Some authors assume an electronic Lorentz-like force acting on the ions in the sample as the 

primary source of the ESM signal. The Lorentz force acts on charges within a magnetic or 

electric field. In case of the electric field, the force acts on moving and resting charges likewise. 

These authors assume that the ions do not hop from lattice site to another lattice site, which 

would lead to the Vegard expansion, but vibrate on the lattice site, due to the alternating electric 

field 21,109,115.  

  Ὂ ᾀὧ ὸὊὉὨὠ  (4.12) 

In equation (4.12), ᾀ  represents the number of charges per Li -ions, ὧ ὸ the concentration of 

Li -ions in the volume varying with time, Ὂ the Faraday constant, Ὁ the electrical potential due 

to the varying AC voltage and ὠ the volume, which is affected by the concentration change. 

The Lorenz-like force is assumed to be proportional to the measured signal intensity Ὓ ὸ and 

ὧ ὸ.    

 

4.2.6 Temperature Influence 

The ESM measurements are usually performed with the sample in mechanical, electrical, 

chemical and thermal equilibrium conditions. However, the application of electric potentials 

between the AFM tip and the sample surface can generate heat due to energy dissipation, since 

the tip-sample junction acts as a resistor. The dissipated energy ὗ, as well called Joule heating, 

is given in the simplest form:  

  ὗ  
Ў‰

Ὑ
  (4.13) 
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With Ў‰ as the electrical potential difference between the tip and the sample and Ὑ  as the 

contact resistance between tip and sample surface 137,138. With the energy ὗ given and limiting 

the energy dissipation to the change of the temperature of the sample surface ɝὝ and a small, 

cubic volume element of the sample surface under the tip ὠ, the change in temperature is given 

by:  

 ɝὝ  
ὗ

ὠ ” ὧ
  (4.14) 

With ” as the density of volume element of the sample surface, which is influenced by the 

heating, and ὧ as the heat capacity of the sample surface at constant pressure 118. The change 

in temperature follows a strain ‐ or deformation ό  of the sample surface:   

   

 ‐  ‌ ɝὝ  (4.15) 

 ό ‌ ɝὝ  (4.16) 

Here, ‌ is the thermal expansion coefficient of the sample surface and ὰ is the vertical length 

of the volume element 139,140. Assuming a contact resistance of 100 MOhm between a 

conductive tip and the sample , a potential difference of 10 V, a volume of 1·10-21 m3 of the 

sample to be influence by the heating, the density of silicon with 2320 kg m-3, a specific heat 

capacity of silicon with 703 J kg-1 K-1 and a thermal expansion coefficient of silicon with 2.6· 

10-6 K-1, the thermal deformation is in the range of about 100 fm 141ï143. Using the density of 

LFP with 3600 kg m-3, a specific heat capacity of LFP of roughly 800 J kg-1 K-1 144 and a thermal 

expansion coefficient of LFP with 5.3 · 10-5 K-1 145, the thermal deformation is in the range of 

about 10 fm and therefore at least two orders of magnitude smaller than the measured signal 

intensity. 

Comparing thermal deformation with ionic deformation, the ionic contribution is in the range 

from 5-100 pm, depending on the material 95,98,99,110. Hence, in this case, the contribution of the 

thermal deformation can be neglected. In addition, assuming the dissipated energy is only 

converted into heating of the sample is surely not entirely correct, but valid for a preliminary 

calculation. The tip environment is heated up as well as the sample, this decreases the thermal 

deformation of the sample under more realistic conditions. However, the thermal deformation 

is highly dependent on the contact resistance and the heated volume. The combination of a 

better electric connection between the tip and the sample can decrease the contact resistance, 

while a material with a low thermal conductivity can decrease the heated volume. Therefore, 

the thermal deformation can increase by at least one order of magnitude and can influence the 
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measurement. Here we assumed for simplification, that all the dissipation energy is transferred 

into the sample. The surrounding media as well as the tip will absorb some of the dissipated 

energy, which will decrease the temperature change of the sample and the volume expansion 62. 

   

4.2.7 Electrochemical Reactions Influencing the Detected Signal  

Electrochemical surface reactions can occur if the electrical potential of the AFM tip is high 

enough for the reaction to overcome the activation energy barrier. Regarding battery electrodes, 

surface reactions can occur with remains of electrolyte or by extraction of species out of the 

material. If the applied potential is high enough, extraction of ions from the sample surface is 

possible. This leads to the irreversible formation of surface features. Arruda et al. studied the 

growth of surface particles on a lithium ion conducting glass-ceramic (LICGC) depending on 

the applied potential and the counter electrode 146,147. They demonstrate the growth of large 

particles on the surface with more than 100 nm in height with the application of around -4 V at 

the tip. The particles consist of lithium and their growth rate depends on the availability of 

lithium in the sample. The influence by the generation of surface features can easily be 

evaluated by rescanning the measured area after the application of voltage pulses. Interestingly, 

Lu et al. reported a dependency of the ESM signal of NiO on the surrounding gas and moisture 

level. The measurements, which were conducted in an argon atmosphere with the absence of 

any moisture, did not show any ESM signal. However, the same measurements conducted with 

moisture free synthetic air and at ambient air exhibited a clear ESM signal and the bias induced 

growth of surface particles.    

 

Another possible reaction influencing the detected signal are processes taking place at the AFM 

tip itself. Most AFM tips consist of a doped silicon base, which is coated with a metallic 

material. For conductive tips, Pt is often used, which shows only low wear resistance during 

scanning, especially during contact mode AFM. Therefore, in the presence of an electrolyte, 

such as water, and an electrical field, the exposed silicon base can react with the ions in the 

sample. This changes the tip geometry and leads to an expansion due to the reaction itself. An 

example for electrochemical reactions at the tip itself is given in Figure 4-3. In Figure 4-3a) and 

b) the tip shows a characteristic shape of lithiated silicon, as it was observed for silicon pillars 

148. In comparison to the lithiated silicon tip, Figure 3-4b) shows a fresh AFM tip with the 

typical conical shape. The influence of a contaminated tip on the measured signal is more 

difficult to determine. However, image artefacts and a decrease of the resolution can give some 

information about the tip condition.    
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Figure 4-3: AFM tip with silicon base lithiated due to damaged Pt coating. a) shows the 

lithiated silicon tip, b) is a higher magnification of a)    

           

 

  

a) b)

1 µm 500nm



Visualizing the Ionic Mobility in Laboratory Silicon Composite Anodes 

42 

5 Visualizing the Ionic Mobility in  Laboratory Silicon 

Composite Anodes  

This section is taken and adapted from 62.  

5.1 Electrochemical Cycling of Cross-Section Holder and Swagelok Cell 

The lithiation of the silicon particles is assumed to follow a core-shell process (Figure 5-1e) 

comparable to the one described by Obrovac and Krause 149 due to the low current density and 

polarization losses in the cross-section holder. During the lithiation, a two-phase structure 

consisting of an amorphous, lithiated, silicon surface phase and a crystalline, non-lithiated, 

silicon phase in the core of the grain is generated. This explains the overall low capacity of the 

electrode, since only the outer surface of the silicon grains is available for the electrochemical 

reaction. In the subsequent cycles, the amorphous shell is cycled, which can be seen in the shift 

of the voltage curve characteristics during the 2nd and 3rd cycle and a crystalline core persists. 

The slope is indicative of a solid solution behavior as is expected for the lithiation of amorphous 

Si. Considering the thickness of the amorphous, lithiated phase is unknown, it is difficult to 

determine the exact LixSiy phase composition. However, generation of the amorphous phase is 

evident due to the appearance of the voltage plateau during first lithiation and the shifted voltage 

profile during the second lithiation (Figure 5-1b and Figure 5-1d). The horizontal gap between 

the first and second lithiation (Figure 5-1a and Figure 5-1c) is the irreversible capacity loss, 

which is characteristic for silicon anodes. The characteristic shift of the voltage profile from the 

first to second cycle, the long voltage plateau during the first lithiation and the capacity loss 

from the first to the following lithiations are observed in both measurement set-ups, showing 

the comparable electrochemical behavior of the electrode in the cross-section holder. The 

unstable voltage profile is attributed to the open cell design of the cross-section holder.  
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Figure 5-1:  Cycling behavior and comparison of cross-section holder in a) and b) and 

Swagelok cell in c) and d) and lithiation process in e) 

 

5.2 t-ESM Measurements on a Silicon Wafer, Non-L ithiated Si/C Anode, 

L ithiated Carbon Black and on HOPG  

An intrinsic silicon wafer was examined to measure the surface change of non-lithiated 

crystalline silicon and an non-lithiated Si/C anode. Measurements at different positions are 

given in Figure 5-2a for the non-lithiated silicon wafer and in Figure 5-2b for the non-lithiated 

Si/C anode. The curves in Figure 5-2a show neither a trend following the applied voltage pulse 

nor a relaxation following the voltage pulse but only noise. The measurements of the non-

lithiated Si/C anode show only noise in the surface displacement signal (image d in Figure 

5-2b). Similar results were obtained with polyether ether ketone (PEEK), an industrial high-

duty polymer without any mobile ions such as the silicon wafer (results not shown here). During 

the recorded time interval, no expansion/contraction of the surface caused by the piezoelectric 

or flexoelectric effect was observed for piezoelectric materials such as Si that may influence 

the ESM measurements. Their magnitude was either too small to be detected or induced volume 

changes had already relaxed. 
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a) 

 

b) 

 
c) 

 
Figure 5-2:  In Figure 5-2a measurement curves of an intrinsic, non-lithiated silicon wafer 

surface with an applied voltage pulse of -3 V for 10 ms. In Figure 5-2b fresh, non-lithiated 

Si/C anode measured with -3V dc-voltage amplitude, a) topography, b) deflection error, c) 

friction and d) surface displacement. In Figure 5-2c lithiated carbon black shows a small 

signal intensity. Image size 300 nm. -3 V dc-voltage, 2 V ac-voltage amplitude with 25 kHz.    

 

HOPG and carbon black was examined to study the influence of the conductivity-enhancing 

additive. The results of carbon black are similar to the results from HOPG and are given in 

Figure 5-2c. Lithiated carbon black (CB) with CMC (90:10, CB:CMC) was measured. The 

sample was difficult to measure using AFM, due to the poor coating stability. It was cycled 

once vs. lithium metal from 1.5 to 0.01 V in 1 M LiPF6 in EC:DMC at 5 µA cm-2, washed with 

DMC and dried at room temperature under vacuum at 0.1 bar. It was then measured in lithiated 

state. However, it was possible to conduct some measurements which show only a small signal 

intensity at some specific locations, similar to HOPG, but no signal at most of the measured 

area. An example is given in Figure 5-2b. However, the signal intensity is close to the noise 

level and therefore it is difficult to evaluate the contribution. Nevertheless, for areas with a high 
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signal intensity on the lithiated Si/C electrode, the lithiated silicon is the main influence of the 

signal.   

Figure 5-3 shows the deflection error signal caused by the Li -ion concentration change during 

a negative voltage pulse of -3 V at the tip (Figure 5-3a), the resulting Li -ion concentration 

change (Figure 5-3b), and the local height change with time at different sample positions 

(Figure 5-3c). Areas with a higher surface expansion in Figure 5-3b partly correspond to 

specific surface features visible in Figure 5-3a, but occurred also at areas of flat HOPG layers 

(top of the image). Comparing the results from HOPG in Figure 5-3c and the Si wafer in Figure 

5-2, the surface displacement of HOPG shows an influence of the applied voltage pulse and a 

subsequent relaxation. As expected from HOPG, the surface displacement due to the change of 

Li -ion concentration is small (expected volume expansion due to lithiation of around 10 % 

150,151) and the curves exhibit a small signal to noise ratio. Measurements on other locations of 

the HOPG sample gave similar results as on the non-lithiated Si wafer with no measureable 

surface displacement. Comparing these results with Figure 5-2 it can be concluded that for Si/C 

anodes, the lithiation of silicon is the main mechanism leading to the surface displacement. A 

contribution of the volume change of carbon black to a displacement to the overall signal is one 

order of magnitude smaller (0.06 a.u. for HOPG and 0.3 a.u. for the Si/C anode) and can be 

neglected. Furthermore, the carbon black layer thickness is much smaller than the HOPG 

sample, which further decreases the Li -ion storage capacity and is limiting the possible 

concentration change in the carbon black layer.    

 

Figure 5-3: HOPG surface in lithiated state, a) deflection error, b) mapping of surface 

displacement due to the negative tip polarization, and c) volume change with time at different 

sample positions. Voltage pulse of -3 V for 10 ms.  

 

The results of the control experiments show, that only lithiated samples show a surface 

displacement signal. Nevertheless, the signal intensities of HOPG and carbon black are much 
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smaller compared to the lithiated Si/C electrode, which leads us to conclude, that the main 

mechanism generating the signal is the ionic concentration change in the silicon.  

 

5.3 Analysis of Li -ion Mobility in Silicon Composite Electrode Material  

Silicon composite anodes are a promising candidate as a next generation anode material but 

exhibit so far only low cycling stability due to their large volume expansion of up to 300 % in 

fully lithiated state 152,153. Figure 5-4 shows an example of the t-ESM measurement of the cross-

section of an aged Si/C anode. For the grain structure after the cycling we assume a lithiated, 

amorphous silicon shell with a non-lithiated, crystalline silicon core. Cycling data and a 

comparison of the electrochemical behavior of the cross-section holder with the cycling in a 

Swagelok cell are provided in Figure 5-1. In Figure 5-4a, the deflection error mapping is shown. 

Figure 5-4b and Figure 5-4c give the change in ionic concentration due to the applied positive 

and negative potential of ±3 V at the AFM tip. The surface contracted during the positive 

applied potential (Figure 5-4b), and expanded during the negative applied potential (Figure 

5-4c). Since the height changes in Figure 5-4b and Figure 5-4c show similar areas 

corresponding to large changes in ionic concentration, one can rule out significant topographic 

and tip-related contributions to the height change that may be caused by a variation in the tip-

sample contact area to the measurement signal. Furthermore, artefacts due to the scan direction, 

i.e. by a different tip orientation and different tip-sample contact can be ruled out since the trace 

(Figure 5-4b) and retrace (Figure 5-4c) mappings are similar 65.  

 

Figure 5-4: Aged silicon composite anode, a) deflection error mapping, b) surface 

displacement, trace with +3 V at the tip, and c) surface displacement, retrace with -3 V at the 

tip. 

 

The step, which runs diagonally across the image, is clearly visible in all three images. For 

Figure 5-4b and Figure 5-4c, the step exhibits a higher change in ionic concentration compared 

to the grain centers, which is in agreement with results from other groups and due to the 
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dependency of fast diffusion paths on the crystal orientation 20,94,100,101. In Figure 5-5a and 

Figure 5-5b, surface displacements over time at different sample positions marked in Figure 

5-4c are plotted with the colors corresponding to the line colors in Figure 5-5. The curves in 

Figure 5-5a represent measurement points at the step, while Figure 5-5b shows measurement 

points inside the grains.   

 

Figure 5-5: Extracted expansion curves at data acquisition points out of Figure 5-4c (line 

colors are matching to the colors of the circles in Figure 5-4c), a) data points with a high 

surface displacement at the step, and b) with lower or no surface displacement moving away 

from the step. The dc-voltage of -3 V was applied for 10 ms.  

 

The higher signal intensity at the step can be explained by a higher mobility of ions compared 

to the grain interior. Assuming a homogeneous Li -ion concentration across the grain and the 

step, a higher ionic mobility, due to a different crystal orientation at the step, will lead to a more 

pronounced surface displacement due to the faster change in concentration. This assumption is 

valid for the case that the maximum ion concentration was not reached by the applied voltage 

pulse. The interdependency of the ionic mobility and the crystal orientation is reported for 

layered LiCoO2, V2O5, microcrystalline silicon and single crystal silicon 101,112,148,154ï156.  

 

In addition to the ionic mobility, saturation of Li -ion concentration can limit the surface 

displacement. Hence, the dependency of the surface displacement on the applied dc-voltage 

amplitude was studied. The same area was scanned with different dc-voltage pulse amplitudes. 

The resulting surface displacement maps are shown in Figure 5-6a. The magnitude of surface 

displacement at three spots was extracted and plotted over the corresponding dc-voltage, shown 

in Figure 5-6b. The dots were averaged over three adjacent data pixel and the error bars give 

a) b)
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the standard deviation. The overall surface displacement of all data points in the image is plotted 

as a histogram in Figure 5-6c.  

 

Figure 5-6: Resulting surface displacement for different applied voltages, a) mappings of 

surface expansion, b) surface expansion at data points marked in (a),  and c) histogram of 

surface displacements of all measured image points. Point 1 is marked in red, point 2 is 

marked in black and point 3 is marked in blue.  

 

For all three positions, the displacement is the same for -3 V pulse amplitude, a significant 

height increase occurred for all positions upon a voltage step from -3 to -5 V.  At point 1, a 

saturation of the height change is achieved with -5 V; a further increase of the voltage does not 

increase the surface displacement any more. At point 2, the surface displacement increased 

linearly up to -6 V and slightly drops for a higher applied voltage. At point 3 an increase from 

-3 to -5 V and a further decrease for higher voltages is visible. The histograms of all surface 

displacement values of the different dc-voltage pulse amplitudes (Figure 5-6c) indicate that the 

distribution broadens, leading to an increase of the overall amount of higher surface 
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displacement counts with increasing dc-voltage amplitude, while the peak height of the 

distribution decreased and shifts towards higher values for the surface displacement. The 

resulting measured surface displacements reflects a steady-state between an increase of ion 

concentration generated by the electric field and an increasing velocity of back-diffusion due 

to the higher concentration gradient. These two opposite effects result in a net surface 

displacement, which depends on the relative contribution of each effect. The steady rise of the 

net peak height of the surface displacement in Figure 5-6b indicates the increase of migration 

over the increase of back diffusion. At the same time, the levelling or decrease of net peak 

height (point 1 and 3) of the surface displacement with higher voltage at the same positions in 

Figure 5-6b must be caused by higher back-diffusion compared to migration. The shift of the 

peak position of point 2 to higher voltages indicates a higher ion saturation at this position 

before back-diffusion starts to predominate. The migration process cannot maintain the ionic 

flow towards the surface and back-diffusion starts to dominate. Another possible explanation 

for the decrease of the surface displacement with increasing voltage amplitude could be 

irreversible concentration or structural changes inside the probed volume. There are no visible 

surface changes after the measurements, therefore no surface reactions occurred, which could 

influence the kinetic properties. However, changes inside the material cannot be ruled out. Yang 

et al. reported a similar behavior for LiCO2 with decreasing ESM signal over several 

measurements of the same location. They assume irreversible concentration changes inside the 

material and decreased activity of Li -ions 157.        

Nevertheless, for the measurements shown in Figure 5-4, which are performed with a dc-

voltage of -3 V, the results from Figure 5-6 validate that a saturation concentration in the 

material was not reached. Therefore, the different surface displacements are a result of a 

difference in ionic mobility and not limited by the ion concentration.    

 

5.4 Calculation of Local Diffusion Coefficients for a Silicon Composite 

Electrode 

As described above, the dynamic response of the surface displacement delivers information on 

the dynamics of the ionic movement inside the material. Diffusion and migration/diffusion 

coefficients are extracted by fitting an exponential curve to the data points for each of the two 

time periods.  
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Data fitting was limited to data points with at least 15% surface displacement of the maximum 

value. This threshold reduced the amount of diffusion coefficients extracted out of the measured 

data, but ensured the validity of the fitting process. Some examples for the fitting results are 

given in Figure 5-7. 

 

Figure 5-7: Examples of the exponential fit with a) and b) for the diffusion and c) and d) for 

the migration process.   

 

Figure 5-8 presents a mapping of the resulting diffusion coefficients. Figure 5-8a gives the 

diffusion coefficients D2 calculated from the data points after the applied voltage pulse and 

solely governed by the concentration gradient. The mapping of the effective migration 

coefficient D1 that is reduced by back diffusion is shown in Figure 5-8c. Both coefficients are 

in the range of around 10-14 to 10-12 m2 s-1, which is within the range, but at the lower bound of 

diffusion coefficients reported for silicon in the literature and close to theoretical values given 

by Johari et al. 95,158ï162. The differences of the diffusion coefficient compared to literature 

values can be explained by the dependence of the diffusion coefficient on the used diffusion 

length, which is assumed to be the tip radius due to the penetration of the electric field inside 

a) b)

c) d)
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the material 94,95,163. A short discussion about the discrepancies of the experimentally 

determined diffusion coefficients for silicon was done by Ozanam and Russo 154.  

 

The distribution of the diffusion coefficients shows higher coefficients around 1·10-12 m2 s-1 at 

the step and at some positions away from the step. Moving away from the step, the coefficients 

decrease towards approximately 6·10-13 m2 s-1 and slightly increase again, visible in the top left 

of Figure 5-8a. Part of the step from the marked red square is shown in the zoom of Figure 5-8b 

and exhibits a thickness of approximately 12 nm. The white marked area in Figure 5-8a shows 

a second step of approximately 35 nm, which exhibits similar diffusion coefficients as the step 

in Figure 5-8b. The higher diffusivity at the step points towards a preferential material structure 

for the diffusion of ions, which is presumably more amorphous, since amorphous silicon is 

expected to have a higher diffusivity compared to crystalline silicon 160,164.   

 

In contrast, ESM time spectroscopy results of Guo et al. on LiCoO2, and Jesse et al. on 

amorphous silicon report lower diffusion coefficient of the grain boundaries compared to the 

grains itself 95,110. The different results might be explained by the significant difference in 

material structure with different properties of the grain boundaries, which leads to differences 

in Li -ion concentration and mobility.  

 

Figure 5-8: Mappings of calculated coefficients D1 and D2 at same location as in Figure 4, 

a) diffusion coefficient (D2) due to concentration gradient after voltage pulse of -3 V, b) 

zoom into marked area of step in a), and c) effective migration/diffusion coefficient (D1) due 

to the electric field during voltage pulse and simultaneous back diffusion. 

 

A comparison of the diffusion coefficients during the voltage pulse in Figure 5-8c (D1) and 

after the voltage pulse (D2) in Figure 5-8a exhibits lower effective diffusion coefficients for the 

migration/diffusion process D1 compared to the concentration gradient-driven diffusion leading 

to D2. The histogram in Figure 5-9 visualizes the histograms for D1 and D2 regarding all image 
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points above the threshold. The peak for the migration driven process reaches the maximum 

counts near 2·10-13 m2 s-1, while the concentration gradient driven process has a larger 

maximum near 4·10-13 m2 s-1. This difference is expected because for the migration driven 

process a steady-state of migration and oppositely directed back-diffusion arises. The built-up 

concentration gradient due to the electric field hinders the further movement of the ions, 

therefore decreases the diffusion coefficient during the migration-driven process and leads to 

smaller coefficients D1 compared to D2. These results indicate that the solid-state migration of 

ions has a similar velocity range as the solid-state diffusion if the electric field is strong enough.  

 

Figure 5-9: Distribution of diffusion coefficients of all image points above the threshold for 

D1 (red) and D2 (blue).   

 

5.5 Conclusions for the Visualization of the Ionic Mobility in Silicon 

Composite Anodes 

The chapter 5 presents a tailored ESM technique to visualize the ionic concentration change in 

the sample volume under the AFM tip and recorded the dynamics of ionic diffusion. For silicon 

composite anodes, the signal emerged from the Li -ion concentration change in the silicon 

particles; further contributions such as piezoelectricity or flexoelectricity had no significant 

influence. The results indicated a higher ionic mobility at the step, probably due to a different 

material structure. Analysis of the dc-voltage amplitude dependence showed a saturation of the 

surface displacement at high dc-voltages due to concentration limitations inside the material or 

irreversible concentration change in the probed volume. Using the measurement curves, 

diffusion coefficients were calculated and the resulting values are consistent with literature 

values. The benefit of the technique is the ability to generate mappings of local diffusion 
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coefficients on the nanometer scale. The results present strong variations of the diffusion 

coefficient within one grain.  
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6 Analysis of Aging Mechanisms of Commercial LiFePO4 

Cathodes using t-ESM 

6.1 Cycling of Commercial Cells and Sample Preparation 

The cells are commercial 26650 LiFePO4 cells from A123 Systems LLC with a nominal 

capacity of 2.5 Ah and a voltage window from 2.0 to 3.6 V. A group of cells was cycled at 

+55°C using a part from the worldwide harmonized light vehicles test procedure (WLTP) 

driving profile and one cell out of it was used for further analysis in comparison with a fresh 

cathode. After the cell reached a total discharge capacity of 2000 Ah it had a remaining 

discharge capacity at 1C of 2.156 Ah, which represents a capacity loss of 17% with respect to 

its original value. The cells were disassembled inside a glovebox under Argon (MBraun, O2 

and H2O < 2 ppm) and washed with dimethylcarbonate (DMC, Sigma Aldrich). Cross-section 

cuts were obtained with an unfocused argon beam cross-section polisher (Jeol, 19520-CCP).  

Transfer of samples was done inside a transfer vessel to avoid any contact with air. 

 

Full cell and three-electrode test cell measurements are conducted using a battery cycler (CTS-

XL, BaSyTec GmbH) with a two-electrode and three-electrode configuration. Three-electrode 

test cell measurements are conducted using electrodes with 18 mm in diameter, which are 

punched out of the fresh and aged electrode foils from the commercial cells., A PP/PE 

membrane (FS-5P, EL-CELL GmbH) was used as separator. For the three-electrode tests, the 

electrolyte was 1 Mol LiPF6 in EC/DMC (1:1 vol%, Sigma Aldrich). The three-electrode tests 

were conducted using a commercial test cell (PAT-Core, EL-CELL GmbH) with a lithium 

metal ring as reference electrode. One side of the electrode material was removed from the 

current collector using N-Methyl-2-pyrrolidone (NMP, Sigma Aldrich). The three-electrode 

test cells were assembled using a fresh or aged cathode in combination with a fresh anode from 

the uncycled full cell to avoid any ageing influence from the anode side. EIS measurements are 

conducted using a Princeton Applied Research Versastat 450 potentiostat with an AC amplitude 

of 10 mV in the frequency range from 500 kHz to 0.5 mHz at OCV. EIS data is analyzed using 

the impedance.py python package 165. The voltage over discharge capacity plot of the 

commercial full cells are shown in Figure 6-1.  
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Figure 6-1: Voltage over capacity of the fresh and aged full cell  

 

It displays the capacity loss of the aged full cell after cycling. Due to the anode contribution to 

the capacity loss in the commercial full cell setup, the cathode was additionally analysed 

separately. The cathode ageing is observed in the Nyquist plot in Figure 6-2 from the fresh and 

aged cathode vs lithium metal reference electrode in a three-electrode test cell. Following the 

approach proposed in the literature, the first semi-circle at high frequencies is assigned to the 

cathode and the second semi-circle at mid frequencies to the lithium anode 166,167. The aged 

sample exhibits a bigger first semi-circle due to ageing and the second semi-circle stays nearly 

constant, since the lithium reference anode is not affected by the cycling. In Figure 6-3, the 

fresh and aged cathode are cycled in a three-electrode setup combined with a fresh anode for 

both cathodes. Looking at the first charging step, the aged cathode exhibits a smaller charge 

capacity compared to the fresh cathode. This indicates a smaller amount of lithium stored or 

available for the electrochemical process or a reduced amount of electrochemically active 

cathode material. The capacity loss from first charge to first discharge is attributed to surface 

layer generation (anode: solid electrolyte interface, SEI; cathode: solid permeable interface, 

SPI) on both electrodes, since they were rinsed before the full-cell assembly. After the first 
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cycle, the capacity stays constant (not shown here). The discharging capacity is higher for the 

fresh cathode compared to the aged.  

 

 

Figure 6-2: Nyquist plot of the fresh (black) and aged (red) cathode vs. a lithium reference 

ring electrode in discharged state  

RC, fresh = 172 Ý  RA, fresh = 1060 Ý 

RC, aged = 1140 Ý  RA, aged = 1530 Ý 

Figure 6-3 displays the first charge and discharge step from the three-electrode test cells with a 

fresh and aged cathode, both with a fresh anode. The voltage curve represents the potential 

between cathode and anode. We used 0.185 mA as charge and discharge current, since that 

represents roughly C/20, and therefore provide the maximum of the accessible capacity. The 

cell was first charged up to 3.6 V with a constant voltage step until the current dropped below 

0.120 mA and afterwards discharged to 2.0 V.  

 

Figure 6-3: Full-cell test of the fresh and aged cathode combined with a fresh anode  
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For the cyclic voltammetry (CV) presented in Figure 6-4, the three-electrode setup with a fresh 

or aged cathode in combination with a fresh anode and a lithium metal reference ring was used. 

The scan rate was set to 1 mV s-1 in the range from 2.0 V to 3.6 V regarding the potential 

between cathode and anode.   

The area under the CV peaks or the available capacity during the anodic scan for the fresh 

cathode ï fresh anode combination is 4.6 mAh and for the aged cathode ï fresh anode 

combination only 4.0 mAh. The capacity during the cathodic scan for the fresh cathode ï fresh 

anode combination is 4.7 mAh and for the aged cathode ï fresh anode combination only 4.0 

mAh.  

 

Figure 6-4: CV of the full-cell test setup with the fresh (black) and aged (red) cathode 

combined with a fresh anode. The potential is measured between cathode and anode. 

 

The ESM analysis was conducted inside of particles of the cross-sections of the fresh and aged 

cathodes. Two examples of the cross-section structure of the cathodes are given in Figure 6-5. 
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Figure 6-5: SEM cross-section view of the fresh (a) and aged (b) cathode 

 

In Figure 6-5a) the fresh and in b) the aged cathode cross-section is shown. The electrode 

consists of particles ranging from 50 nm to a few micrometres in diameter. No evident 

differences can be discerned on this scale when comparing pristine and aged samples. 

 

6.2 Analysis of the ESM Signal of the Fresh Cathode Cross-Section 

The ESM measurement in Figure 6-6 displays differences of the ESM signal within one particle. 

In Figure 6-6a) and b), the topography and the deflection error of the particle and in Figure 

6-6c) and d) the ESM signal due to the application of a positive and negative voltage pulse are 

shown. Figure 6-6e) displays the applied voltage pulse with the dc and ac-voltage part at the 

top and the resulting ESM signal at the bottom, which is generated due to the increase or 

decrease of the ionic concentration in the probed volume due to the electric field. During 

accumulation of Li-ions with the dc-voltage pulse, due to the electric field driven migration, 

the ESM signal increases. Afterwards, when the dc-voltage is turned off, the ESM signal 

decreases due to the concentration driven diffusion and the decrease of the ionic concentration 

in the probed volume. The difference between the signal intensities at the beginning and at the 

end of the dc-voltage pulse is extracted (indicated by the arrow in the bottom part) and 

represents one pixel in the 2D presentation of the ESM data. 

 

The ESM signal which we observe on carbon coated LFP is not only limited to structural 

boundaries within one single grain, which are known to exhibit a high mobility for ions due to 

structural disordering, high concentration of defects and lower energy barrier 112,168,169. We also 

observe a homogeneous high signal on planar locations inside the particle. The variation of the 

a) b)

500 nm 500 nm
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ESM signal inside the particle is most likely caused by the anisotropic ionic mobility of the 

olivine structure of LiFePO4. The olivine structure exhibits preferential lithium ion transport 

along the [010] channel of the lattice 135,170, which therefore influences the ESM signal intensity, 

since the preferential lithium ion transport direction induces a high concentration change during 

the dc-voltage pulse, while for ionic blocking directions, no concentration change is achieved 

and therefore no change in the ESM signal is produced. The olivine crystal structure on the 

planar locations is not the only influence on the ionic mobility, but it is an additional factor next 

to the structural disordering, high concentration of defects and lower energy barrier and more 

important on planar locations than on structural boundaries. 

 

We can exclude any significant influences due to changes of the tip-sample contact or edge 

artefacts in the ESM signal, since trace and retrace, or positive and negative dc-voltage pulse 

respectively, show similar signals for the sample locations. If tip-sample artefacts and increase 

of the tip-sample contact area would influence the signal generation, the collected signals from 

trace and retrace would show locations with different response for trace and retrace and a 

direction dependence for the tip movement. In Figure 6-6f), the ESM signal from Figure 6-6d) 

is overlaid on the topography from Figure 6-6a). It indicates, that the signal is not influenced 

by the topography of the sample, since the flat locations in the top and bottom of the image 

show a distinct ESM signal. Additionally, due to the slow scan speed of 0.2 Hz, we assume a 

stable tip-sample contact during the measurement. Considering the measurements are 

conducted on cross-sections of particles, we neglect the carbon coating or binder material to 

influence the results. The ESM signals show some precise and fine structures and clear 

separations within the particles. Assuming a rather large probed volume of the cubic tip radius 

(Rtip around 30 nm) or even larger, the ESM signal would exhibit rather diffuse signal 

allocation. Therefore, it is more reasonable to assume a limited probed volume close to the 

surface of the tip-sample junction of only a few nanometres in depth.    
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Figure 6-6: Topography (a), deflection error (b) and ESM amplitude due to the positive and 

negative voltage pulse (c and d) at the fresh cathode. In e), an example of the measured ESM 

signal with the applied voltage pulse are shown. In f) is the result from d) overlaid on the 

topography in a). Scan size is 1x1 µm²  
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6.3 Dependency of the ESM Signal Intensity During Stepwise Increasing 

DC-Voltage Amplitude in Fresh and Aged Cathodes  

To analyse the dependency of the ESM signal on the applied dc-voltage amplitude, the same 

location was measured repeatedly with a stepwise increased dc-voltage amplitude after each 

measurement. The results for the different dc-voltage amplitudes are displayed in Figure 6-7 

with a) |2|V, b) |3|V, c) |5|V, d) |6|V and |7|V dc-voltage amplitude in e). The middle row shows 

the ESM signal due to the positive and the bottom row due to the negative voltage pulse.  

 

Figure 6-7: Comparison of different dc-voltage amplitudes at the same location of a fresh 

cathode. The top row shows the deflection error, the middle row the ESM signal during 

positive and the bottom row during negative dc-voltage pulse. In a) with |2|V, b) with |3|V, 

c) with |5|V, d) with |6|V and e) with |7|V. Scan size is 0.33x0.33 µm².  

 

With increasing dc-voltage amplitude, the overall active area of the sample increases, as can be 

seen by the increasing fraction of the sample showing a distinct ESM signal. At lower dc-

voltage amplitudes (|2|V and |3|V), there are mainly structural boundaries visible in the ESM 

signal.  At |3|V, areas with roughly 50 nm diameter are visible. Stepping up the dc-voltage 

amplitude further increases the overall active area. Still, some locations in the sample stay 

inactive, even at a dc-voltage of |7|V. Contrary to other publications, irreversible changes or the 

generation of surface features at higher voltage amplitudes (|5|V to |7| V) are not observed 147,157. 

This is probably due to the smaller excitation dc-voltage amplitudes, the short excitation time 

of only 10 ms and the inert gas atmosphere. This prevents the generation of a water droplet 
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meniscus at the tip-sample junction, which can serve as an electrolyte for electrochemical 

reactions.  

 

The increase of the ESM signal intensity for the fresh cathode is shown in Figure 6-9a). It 

exhibits a linear increase of the ESM signal with increasing dc-voltage amplitude, which is in 

agreement with theoretical work done by Morozovska et al. 107. Only at location 1, at -7V dc-

voltage amplitude, the signal intensity decreases as compared to -5V and -6V. This indicates 

either an irreversible change in the ionic concentration in the probed volume due to the 

preceding measurements or a degradation of the material structure due to the applied electric 

field. Since the ESM signal depends on the change in ionic concentration during the applied dc-

voltage pulse, an irreversible accumulation of Li-ions in the probed volume due to the preceding 

measurements would decrease the feasible change in concentration and therefore could reduce 

the ESM signal intensity. Similar, structural degradation could influence the ESM signal 

intensity by the reduction of the ionic conductivity. Yang et al. observed a similar decrease of 

the ESM signal intensity, after scanning the same location several times, which they attributed 

to either changing ionic concentration or degradation of the electrochemical activity 157. The 

second location shows a linear increase of the ESM signal intensity over the whole range of the 

applied dc-voltage amplitudes, but with a smaller slope compared to location 1 and ESM signal 

intensity. The ESM signal, generated with different dc-voltage amplitudes on the aged sample 

is shown in Figure 6-8 using the same image structure as Figure 6-7. The lower ESM signal 

intensity increase of the aged cathode compared to the fresh cathode is already observed by 

comparing Figure 6-7 and Figure 6-8 and evaluated in Figure 6-9b).  
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Figure 6-8: Aged cathode, comparison of different dc-voltage amplitudes at the same 

location. The top row shows the deflection error, the middle row the ESM signal during 

positive and the bottom row during negative dc-voltage pulse. In a) with |2|V, b) with |3|V, 

c) with |5|V, d) with |6|V and e) with |7|V. Scan size is 0.33 µm. 

 

The measurements in Figure 6-7 show a clear dependency of the ESM signal intensity on the 

excitation voltage. The inactive locations - to be precise: the locations, which do not generate 

any ESM signal in the sample - stay inactive and cannot be activated by an increasing dc-voltage 

amplitude, at least for the dc-voltages applied here. Structural boundaries in the particle exhibit 

in general higher ESM signal intensity compared to homogeneous and planar locations, which 

points towards the importance of nanostructuring of battery materials to increase the boundary 

density. Moreover, the results from Figure 6-7 indicate, that by using a |3|V dc-voltage 

amplitude for further measurements, the limiting factor for the resulting ESM signal intensity 

is not the concentration limit in the probed volume, but the mobility and activity of the Li-ions, 

which is influenced by structural aspects.   
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Figure 6-9: Evolution of the ESM signal intensity at the fresh cathode in a) and aged cathode 

in b) with the stepwise increasing dc-voltage pulse. The locations for the fresh cathode are 

marked in Figure 6-7a) in the bottom. For the aged cathode see Figure 6-8.   

 

6.4 Comparison of the ESM Signal Intensity at Fresh and Aged Cathodes 

Ageing of battery material is a complex process with different mechanisms happening 

simultaneously and influencing each other. Here we analyse the change of the ESM signal over 

ageing by comparing the fresh cathode with an aged cathode sample. Figure 6-10 compares the 

ESM signal of the fresh (a ï c) and aged (d ï f) sample with the deflection error (a and d), the 

ESM signal due to the positive (b and e) and negative (c and f) dc-voltage pulse. In the fresh 

sample, structural boundaries and homogeneous planar locations show a distinct ESM signal. 

In the aged sample, only structural boundaries possess a distinct ESM signal. Large parts of the 

measured area are inactive and exhibit nearly no ESM signal at all. Additionally, the ESM 

signal intensity is smaller compared to the fresh sample, at least for voltages higher than |5| V. 

The voltages at |2| and |3| V show comparable ESM signal intensities at the analysed locations 

for the fresh and aged sample. However, as it is shown in Figure 6-11 and the following 

discussion, the overall ESM signal intensity decreases in the aged compared to the fresh sample 

already with a voltage amplitude of |3| V. This indicates, that in the aged sample with the same 

magnitude of the electric field, only a smaller degree of concentration change at fewer locations 

in the sample is generated. As can be seen in the stepwise increase of the dc-voltage pulse 

amplitude in Figure 6-8 and Figure 6-9b), especially with higher dc-voltage amplitudes only a 

smaller increase of the ESM signal intensity compared to the fresh sample can be obtained (see 

Figure 6-9a). Hence, the slope of the ESM signal upon stepwise increasing voltage amplitude 

is strongly reduced at the aged compared to the fresh cathode. The stepwise increase of the 
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ESM signal intensity for the aged sample is nearly the same for both locations, while the slope 

differs in the two locations from the fresh sample. This could point towards a homogeneous 

redistribution of the remaining Li-ions within the aged sample and a levelling of the activity 

over aging. Additionally, the absolute ESM signal intensity is much smaller compared to the 

fresh cathode.    

 

Figure 6-10: ESM measurements of a fresh (top row) and aged cathode (bottom row) cross-

section. a) and d) show the deflection error, b) and e) ESM signal during positive and c) and 

f) during negative voltage pulse. Scan size is 1x1 µm².  

 

The decrease of the ESM signal intensity is more evident in the histograms in Figure 6-11. 

Figure 6-11a) shows the ESM signal intensity due to the positive and Figure 6-11b) due to the 

negative dc-voltage pulse. The histograms are a combination of five measurements from 

different locations in the cathodes, each with a scan size of 1 µm. Both histograms show a 

decrease of the ESM signal at higher intensity and an increase of the lower ESM signal 

intensities from the aged cathode in comparison to the fresh sample. We used the two-sample 

Kolmogorov-Smirnov test (kstest2 in Matlab R2018) with a significance level of p = 0.05 to 

evaluate, if the datasets represent different distributions 171. Indeed, both datasets passed the 

test, which indicates a different distribution for the fresh and aged dataset and thereby shows a 

significant change in the ESM signal due to the ageing. To exclude any tip related influence on 

the ESM signal intensity decrease, the AFM tip, which was used to collect the measurements 

for the fresh sample, was reused for the aged sample to compare the measurements of the reused 

tip with the measurements of a fresh AFM tip. The reused tip from the fresh sample showed the 
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same ESM signal intensities in the aged sample than a fresh AFM tip, which verified the tip-

independent ESM signal intensity decrease in the aged sample.  

 

Figure 6-11: Comparison of ESM signal intensity of the fresh and aged cathode, a) shows the 

ESM signal due to the positive and b) the negative dc-voltage pulse.   

 

Several groups link the ESM signal intensity to the electrochemical activity of Li-ions 

95,98,102,110,147,157,172,173, following the approach applied for the analysis of piezoresponse force 

microscopy (PFM), for which the signal amplitude represents the electromechanical activity 

174ï176. Similar to the ESM and PFM signal, digital volume correlation (DVC) in combination 

with in-situ X-ray tomography microscopy (XTM) was used by Pietsch et al. 177 for graphite 

and silicon anodes and by Finegan et al. 178 for a LiMnO2 cathode to visualize volume expansion 

of the electrodes, which was used to link the local volume expansion of the material to its local 

activity. Following this assumption, a decrease of the overall ESM signal with ageing would 

imply a decrease of the electrochemical activity of the Li -ions in the cathode material due to 

ageing. A decrease of the electrochemical activity of the cathode could result in a smaller 

current peak intensity in a CV experiment, though. Performing CV with the fresh and an aged 

cathode in combination with a fresh graphite anode as counter electrode for both cathodes under 

test, showed a minor decline of the resulting current of the aged cathode and a decrease of the 

capacity during the anodic and cathodic scans (Figure 6-4) , which could indicate a reduction 

of the active phase. However, since not all particles are participating simultaneously in the 

lithiation and delithiation process, the current does not represent the actual, local current density 

at the particles itself, since only a fraction of the active area is involved 179,180. Deactivation of 

particles or loss of active material, which is a known degradation mechanism for LiFePO4 

cathodes 35,181,182, could be compensated by an increasing local current density at the remaining 

active particles. Since the CV technique evaluates the entire electrode area, information about 
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local variations are not obtained. However, the reduction of the current and capacity in the CV 

could support the assumed decrease of the electrochemical activity, suggested by the reduction 

of the ESM signal intensity. In former studies of LFP degradation the main effect observed was 

iron dissolution and Fe2+ migration to the anode and redeposition. Fe particles on the anode 

play a decisive role in accelerated SEI formation 183ï185. Iron dissolution from LFP has been 

found to increase with water content of the electrolyte and phase impurities in the cathode. The 

dissolution of iron leads to Fe-deficient inactive phases. The aged cathode showed a higher Fe 

content on the cathode surface and lower Fe content in the cross-section (Fe mass content fresh: 

32.1 ±0.3% and aged: 27.8 ±0.8%), indicating Iron dissolution from the bulk material 71.  

 

Another factor influencing the ESM signal is the structure of the material. Chen et al. observed 

a dependency of the crystallinity of LiFePO4 on the ESM signal and concluded, that the 

nanocrystalline sample must exhibit a higher diffusivity than the compared microcrystalline 

structure 98. We do not expect a change in the overall structure of the sample and therefore 

neglect this possibility as an influence. Other possible variations of   the ESM signal intensity 

might result from material stiffness or elasticity, because these material properties are 

influencing the volume expansion. Harder materials are supposedly showing a smaller surface 

displacement respectively volume expansion than softer materials. Analysis of the elasticity of 

the cathode materials was conducted with PeakForce QNM measurements for which the 

deformation (penetration depth of the tip) of the measurements was evaluated (Figure 6-12). 

For the fresh and aged sample, a total area of 32 µm² was analysed, using the same settings and 

the same tip.   
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Figure 6-12: Comparison of the deformation distribution of the fresh and aged cathode cross-

section  

 

The results are indicating a constant deformation for the fresh sample, while the aged cathode 

shows some areas with a higher deformation, indicating a softer material. The change of the 

material property itself would not influence the decline of the ESM signal intensity over ageing, 

since the softening would promote higher ESM signal intensities. However, if the softer 

response represents the Fe-deficient inactive phase as a consequence of iron dissolution the 

lower ESM signal is a direct consequence. It is noted that this is probable, as Fe-dissolution has 

been reported as the prominent degradation mechanism of LFP 49,57,183.    

 

The dynamics of the relaxation process after the dc-voltage pulse are further analysed in Figure 

6-13 and Figure 6-15. Figure 6-13 shows the same sample location as in Figure 6-10 but Figure 

6-13b) and e) are now presenting relaxation times after a positive and Figure 6-13c) and f) after 

the negative dc-voltage pulse.  
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Figure 6-13: Fitted time constants from Figure 6-10 of a fresh (top row) and aged cathode 

(bottom row) cross-section. a) and d) show the deflection error, b) and e) the time constants 

during positive and c) and f) during negative voltage pulse. Scan size is 1x1 µm².  

 

We excluded data points below a certain threshold, since a minimal ESM signal intensity is 

needed to generate a fit. Two examples for the resulting fits are given in Figure 6-14. The overall 

mean RMSE for all fits is in the order of 0.013.  

 

 

Figure 6-14: Fitting examples for the relaxation ESM signal   

 

The time constants are in the range between 1 and 10 ms, the negative dc-voltage pulse resulting 

in smaller time constants as compared to the positive pulse. In Figure 6-15 the relative 

distribution of the time constants of the fresh and the aged cathode are compared, Figure 6-15a) 

shows the positive and Figure 6-15b) the negative dc-voltage pulse. The histograms result from 

a) b)
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a combination of five different measurements at different locations, the same as for the 

histograms in Figure 6-11. Interestingly, the distributions of the positive and negative dc-

voltage pulse differ, the negative dc-voltage pulse showing smaller time constants compared 

with the positive pulse. This indicates a different behaviour of the diffusivity depending on an 

accumulation (negative pulse) and a depletion (positive pulse) of the Li-ions. The distributions 

do not show any significant change from the fresh to the aged cathode, indicating an unaffected 

diffusivity in the material providing the signal. Using †
Ὑ
ςὈ  describing the diffusion in 

a thin film 112 with a time constant † of 2 ms and a depth of the probed volume Ὑ  of roughly 

10 nm leads to diffusion coefficients of about 2.5 · 10-14 m² s-1. This value is at the higher bound 

of experimental values given in the literature which range between 1 · 10-14 to 1 · 10-20 m² s-1 

186ï188 and lower bound of theoretically calculated diffusion coefficients. Theoretical work gives 

values ranging from 1 · 10-11 to 1 · 10-14 m2 s-1, which depends on the direction of the diffusion 

channels considered 135,170,179,189. The experimentally generated diffusion coefficients are 

strongly dependent on the measurement method applied and its analysis (e.g. EIS, PITT, GITT, 

CV). These techniques assume a simultaneous participation of all LFP particles in the 

electrodes, when a ñdomino-cascadeò is presumed to more accurately reflect the reaction model 

135,179,190. This faulty assumption affects the diffusion coefficients extracted from experimental 

data. Additionally, the preparation of the material influences the diffusion coefficient 187,189.  

 

The assumed 10 nm of probed depth are a reasonable assumption considering the sharp 

boundaries observed in the ESM signals. Smaller values for the probed depth are however 

possible, which would change the diffusion coefficients by one or two orders of magnitude. 

Regarding the comparison of fresh and aged diffusion coefficient distributions, the minor 

differences between the fresh and aged cathodes point towards a stable diffusivity of the cathode 

material, which is not influenced by any mechanical, electrical or electrochemical degradation. 

Sun et al. compared the diffusion coefficients of aged and fresh LiFePO4 cathodes from half-

cell measurements and found only a minor decrease of the diffusion coefficient due to ageing, 

which they however correlate to the surface layer build up on the cathodes and not to any 

degradation of the cathode material itself 181. Regarding the discrepancy from experimentally 

and theoretically derived diffusion coefficients,  Malik et al. 179 pointed out, that the 

experimentally generated diffusion coefficients with cell level measurements are representing 

the cathode as a whole system and not the bulk properties of LiFePO4 particles. For cell level 

measurements, all particles are assumed to lithiate or delithiate simultaneously. However, this 

assumption does not hold for a multi-particle system like the electrodes consisting from nano- 
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and microsize particles 179,180. The assumption leads to an overestimation of the active particle 

area and therefore to an underestimated diffusion coefficient. The ódomino-cascadeô model by 

Delmas et al. takes into account the coexistence of a lithiated and delithiated phase for LiFePO4 

190. Additionally, other mechanisms and factors e.g. the generation of surface layers, porosity 

and tortuosity of electrodes, electrolyte salts and concentration gradients in the electrodes are 

affecting the ion transport and therefore influence the diffusion coefficients measured on the 

cell level 191ï194. The formation of an inactive phase by ageing which does not significantly 

contribute to the ESM signal is consistent with our observation that diffusion coefficients do 

not change.  

 

 

Figure 6-15: Comparison of time constants of the fresh and aged cathode, a) shows the time 

constants due to the positive and b) the negative dc-voltage pulse.   

 

Combining the results from the reduction of the ESM signal intensity with the unaffected 

diffusion coefficient over ageing, the reduced lithium concentration in the aged cathode and the 

results of the CV from the fresh and aged cathode leads us to the conclusion, that the reduction 

of the ESM signal intensity is representing a decrease of the Li-ion concentration inside the 

probed volume of the aged cathode compared to the fresh cathode and a formation of an inactive 

phase. A reduced active Li content in the aged cathode reduces the amount of ions, which can 

be driven by the electric field, which in turn decreases the ionic concentration change and 

therefore leads to a decrease of the ESM signal intensity. The reduced activity is the result of 

deactivation of cathode material, which turned partially electrochemical inactive over ageing. 

However, since the ionic concentration is as well affecting the activity, it is difficult to clearly 

state the main source for the reduced ESM signal intensity 195. If the ESM signal would only 
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represent the mobility of the Li-ions, the reduction of the ESM signal intensity would be visible 

in the decrease of the diffusion coefficient, which is not observed.  

 

6.5 Conclusion for the Comparison of the Fresh and Aged Cathode Using a 

Tailored ESM Technique  

The chapter 6 presents a tailored ESM technique, which is used to study the ageing of LFP 

cathodes. First, a fresh cathode cross-section is analysed. The measurements show a higher 

ESM signal intensity at structural borders within single grains, but as well active locations at 

homogenous and planar areas. The activity and the ionic concentration in the material are 

influencing the ESM signal. Using ESM voltage spectroscopy, a linear increase of the ESM 

signal is observed for the fresh cathode with no visible side reactions on the cross-section 

surface. Comparison  with the ESM signal at the cross-section of an aged cathode reveals a 

distinct different behaviour. There is a smaller amount of ESM active area on the cross-section 

surface and the overall, absolute signal intensity is smaller compared to the fresh cathode. ESM 

voltage spectroscopy indicates, as it was observed for the fresh cathode, a linear dependency of 

the ESM signal with the voltage amplitude. However, the slope of the ESM signal is much 

smaller for the aged cathode, as compared to the fresh one. Fitting the ESM relaxation after the 

applied voltage pulse provides time constants which represent diffusion coefficients in the range 

of 2.5 · 10-14 m² s-1. These values are in the range of theoretical and experimental values found 

in the literature. Combining all the analysis leads to the conclusion, that a reduction in the 

electrochemical activity and Li content in the cathode is responsible for the reduction of the 

ESM signal intensity most probably by formation on an inactive phase. Both mechanisms are 

likewise influencing the remaining cathode capacity, which is reduced due to the ageing.  
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7 Influence of cycling profile, depth of discharge and 

temperature on commercial LFP/C cell ageing  

7.1 Cell Level Analysis with ICA, DVA and OCV Measurements 

The results are based on 93.  

7.1.1 Cycling of Cells 

Commercially available LiFePO4 cylindrical cells (size 26650, ANR26650M1B) with a 

specific capacity according to the data sheet of 2.5 Ah (and based on measurements on 100 

cells, which results in a mean capacity of 2.584 Ah ± 0.017 Ah) and manufactured by A123 

Systems LLC are used for the investigation. SEM analysis shows that the cells consist of double 

sided coated cathodes and anodes with a thickness of 65 µm and 40 µm, respectively. SEM-

EDX analysis of the cathode show the common elements for the LFP cathodes, such as C, Fe, 

P, O, F and additionally V, which is presumably used as a dopant to enhance electrochemical 

performance. This detailed composition analysis is provided in the appendix. SEM 

measurements of the cathodes indicate, that the cathode consists of particles ranging from 50 

nm to roughly 1 µm in diameter. The anode consists of graphite flakes of up to 10 µm length. 

The electrolyte salt used is (as indicated by the safety data sheet) LiPF6 in a carbonate-base 

electrolyte mixture 196. We assume the N/P ratio to be in the range of 1.4, as it is found for high 

power cells 84.   

The cells were cycled using part of the ñworldwide harmonized light vehicles test proceduresò 

(WLTP), since the degradation of the cells should reflect the automotive ageing and the 

degradation mechanism due to automotive usage. The WLTP was recorded using a Smart 

fortwo. The last part of the WLTP was selected for the ageing (called ñextra highò), since it 

shows the highest current loads in the test procedure (called ñAP1ò). To generate an accelerated 

ageing procedure, a version with the doubled current load, called here ñextra high 2ò, was used 

as a second load profile (called ñAP2ò). Simultaneously, different depths of discharge (DOD) 

and different temperatures were selected for the ageing. The matrix of the test plan is 

summarised in Table 1. The ageing process was conducted as follows: the cells were cycled 

with the determined WLTP test cycle (AP1 or AP2), until the DOD (50% equivalent to 1.25 

Ah, 70% equivalent to 1.75 Ah or 100% equivalent to 2.5 Ah) regarding the discharge capacity 

during one cycle was reached (or before, in case the lower cut-off voltage of 2.0 V was reached). 

Afterwards, the cells were charged using 1C until 100% SOC and the WLTP test cycle restarted. 

After a specified total discharge capacity was passed through the cells over several cycles 
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(between 200 to 500 Ah), the cells were stored for 1 day at room temperature (25°C, RT) for 

thermal equilibration. After checking the capacity, OCV and impedance, the cells were brought 

back to their ageing temperature, and equilibrated for another day. Finally, the ageing process 

restarted until the next total discharge capacity step was reached.   

The cells were cycled with a battery testing potentiostat (Basytec CTS-XL) and stored inside a 

temperature chamber (Binder MK53). Electrochemical impedance measurements (EIS) were 

performed using a Princeton Applied Research Versastat 450 after the test routine in 

potentiostatic mode with 4 mV amplitude at controlled temperature (25°C). Figure 7-1 shows 

the load profiles which were used for the ageing of the cells and which are extracted from the 

WLTP driving cycle. Since the battery cycler is limited to a current of maximum 5 A the C-rate 

is limited to 2 C in the test protocol. A negative C-rate stands for discharging, a positive C-rate 

for charging. The C-rate is referred to the 2.5 Ah capacity of the cells. For the three-electrode 

tests, selected cells were transferred into an argon filled glovebox (MBraun, O2 and H2O < 1 

ppm) and dissembled. Samples of the electrodes were cut out close to the first current collector 

tap (diameter of 18 mm) and rinsed with dimethyl carbonate (DMC, Sigma Aldrich, Alfa Aesar) 

to wash off the remaining electrolyte. The electrodes were assembled in three-electrode test 

cells (EL-CELL GmbH, Germany) with a lithium ring as reference electrode, a FS-5P separator 

(all from EL-Cell GmbH) and LP30 (Sigma Aldrich). For the three-electrode tests, the aged 

cathodes were combined with fresh anode samples. This way, the Li content stored in the 

cathode and the cathode capacity could be evaluated. The three-electrode tests were performed 

with a current density of 48 µA cm-2, which represents roughly C/20. In the fresh state, the ratio 

of negative to positive electrode capacity for the three-electrode tests was 1.9.  

The evaluation of the ageing process for 55°C and -20°C was conducted using the analysis of 

one cell aged at 50% DOD and one aged at 100% DOD, both from AP2.  

 

Table 1: test matrix of ageing plan  

 at +55°C and -20°C 

AP1  

(CMEAN  = -0.77) 

50% DOD  

(100 ï 50 % SOC) 

70% DOD  

(100 ï 30% SOC) 

100% DOD  

(100 ï 0% SOC) 

AP2 

(CMEAN  = -1.33) 

50% DOD  

(100 ï 50 % SOC) 

70% DOD  

(100 ï 30% SOC) 

100% DOD  

(100 ï 0% SOC) 
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Figure 7-1: Load profiles applied extracted from the WLTP driving cycle 

7.1.2 Comparison of C-rates for the Calculation of the ICA and DVA  

 

Figure 7-2: Influence of the C-rate on the resulting ICA (a and b) and DVA (c and d) during 

charging (a and c) and discharging (b and d) 

 

The comparison of a C/2, 1C and 2C charge and discharge process of a cell shows clearly a 

difference in the resulting amount of peaks, intensity and location (Figure 7-2). Comparing the 
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0.5C and 2C processes shows a clear difference in peak quantity of the ICA and DVA curves. 

In addition, a shift of the peaks on the voltage axis for the ICA and on the capacity axis for the 

DVA is apparent. As expected, the most pronounced peaks appear in the curves using the C/2 

charge and discharge current. The charging and discharging ICA with 0.5C show both five 

peaks and the DVA shows four peaks, which are corresponding to the four different 

intercalation stages of Li -ions into graphite 91,197. The results from Figure 7-2 suggest that for a 

valid ICA and DVA analysis, the C-rate cannot exceed 1C, since several peaks are missing and 

the peak intensity dramatically reduces for 2C. However, to a certain extent, 1C measurements 

deliver enough peak intensity to produce distinct peaks in the ICA and DVA curves. For a 

further increase of the signal to noise ratio and to track the changes over ageing more reliably, 

the C-rate should be C/2 or lower, though.  

 

 

7.1.3 Separation of Cathode and Anode Influence on ICA and DVA Peaks  

As it is seen in Figure 7-3, the resulting ICA and DVA are calculated from the full cell voltage 

profile Ὁ , which is a combination of the cathode and anode voltages. Due to the phase 

transition from LixminFePO4 to LixmaxFePO4, the voltage profile of the LiFePO4 cathode is rather 

constant over the whole lithiation and delithiation process. This is depicted in Figure 7-3g), 

which shows the DVA curves for the anode, cathode and full cell using an experimental cell 

with Li reference electrode. The cathode potential Ὁ vs. Li/Li+ is extracted from the three-

electrode setup and the anode potential Ὁ vs. Li/Li+ is calculated, since Ὁ  Ὁ  Ὁ. The 

separate potentials are plotted in Figure 7-3d), e) and f). The DVA curve of the full cell has the 

same shape as the anode DVA curve. The cathode DVA curve shows a small peak around 0.4 

mAh cm-2. Hence, there is a small contribution of the cathode to the full cell DVA curve, at 

least in the first peak. The other two noticeable peaks are not affected by the cathode potential. 

The origin of the contribution from the cathode to the DVA peak is not entirely clear yet. It 

could indicate the existence of a vanadium doping of the cathode, since V was detected in the 

cathode. Doping of V is performed to enhance the electrochemical performance of LFP material 

198. The calculated ICA curves of the anode, cathode and the full cell are plotted in Figure 7-3a), 

b) and c), respectively. The ICA curve of the anode and the full cell exhibit the same shape, but 

inverted due to the voltage profiles. The drawback of the ICA is the possibility to reach nearly 

zero in the denominator of the division and therefore causing the ICA to rise steeply, which is 

visible in Figure 7-3b) for the cathode. If the anode would be the only factor influencing the 

ICA of the full cell, the ratio of the two main peaks would need to be the same in the anode and 
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full cell ICA. The ratio of the 
ὖ
ὖ with ὖ and ὖ as the peak intensities of ICA peak 1 and 2 

(see Figure 7-3b) is å 0.75 for the anode and å 0.85 for the full cell. Hence, the cathode 

contributes as well to the ICA of the full cell and especially to peak 1, otherwise the ratio of the 

peaks 1 and 2 would be the same for the full cell and anode.  

   

 

Figure 7-3: Separation of the ICA and DVA peaks from fresh cathode and fresh anode 

potentials. In the left column the ICA of the fresh anode in a), the aged cathode in b) and the 

three-electrode full cell in c), the middle column shows the potentials of the fresh anode in 

d), the aged cathode in e) and the three-electrode full cell in f) and finally the DVA separation 

in g). 

 

By using the half-cell ICA of the anode, the anode potential profile, the full cell ICA and the 

allocated staging process in the anode potential (see Figure 7-4), we can assign the ICA peak 1 

to stage 1, peak 2 to stage 2, peak 3 to stage 3, peak 4 to stage 1d+4 and peak 5 to stage 1d of 

the anode. As is already explained by the ratios of ICA peak 1 and 2, the cathode likewise 

influences these peaks, but the anode potential profile is the main factor of origin.  
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Figure 7-4: Cathode and anode potential of LFP ï graphite full cell with the indication for 

the different staging processes and capacities of the stages. 

 

7.1.4 Ageing at 55°C 

7.1.4.1 Influence of the cycling profile on the capacity fading and IC and DV parameters  

The cycling profiles in this paper differ by the applied current load and the DOD. 

Starting with the comparison of the influence of the profiles on the ageing at the same 

temperature, Figure 7-5a and b show the capacity degradation of the cells aged at 55°C with the 

different loads applied and grouped in the three different DODs (50%, 70% and 100%). Each 

point represents two or three cells with an error bar representing the standard deviation. The 

results in Figure 7-5 indicate a homogeneous ageing of the cells, since the  results within the 

groups itself are differing only by a few mAh as indicated by the error bars. After the initial 

capacity drop after 300 Ah total discharge capacity, the cells follow a linear trend of the capacity 

decay. Spingler et al. did not observe any capacity drop for LFP cells from A123, therefore we 

assume the initial capacity drop to be finished early on in the ageing process 199.   

Stage 1 Stage 2

Stage 1d+4

Stage 3

Stage 1d

Qstage 1 Qstage 2+3+4
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Figure 7-5: Degradation of cell capacity depending on ageing profile, AP1 in a) and AP2 in 

b), at different ageing steps. The linear fit excludes the initial capacity.  

   

As can be seen, the DOD influences the capacity fading during the ageing process. 

Cycling at 50% DOD leads to the highest capacity loss, followed by 70% DOD cycling, which 

shows nearly the same capacity fading compared to 50% DOD cycling and 100% DOD cycling 

with the markedly lowest capacity fading at EOL. Higher current loads increase the capacity 

fading of the cells, visible when comparing the cells cycled with loading profile AP1 in Figure 

7-5a with AP2 (Figure 7-5b). However, the ageing profiles with 100% DOD show a rather 

similar trend of the capacity degradation and the higher current load does not lead to a 

significantly higher capacity loss over ageing. Until roughly 800 Ah total discharge capacity, 

the cell capacity loss is the same for all ageing profiles, after this ageing step, the difference in 

cell capacity loss starts to deviate. The capacity loss of the 100% DOD AP2 decreases with 

further ageing (visible in the deviation towards higher cell capacities of the characterisation 

points at 1300 Ah and 2000 Ah from the linear fit), while for 50% and 70% DOD it stays 

constant throughout the cycle life until the end of ageing is reached.  

Figure 7-6a and b shows the IC analysis of the cell at charging and discharging, and 

Figure 7-6c and d the DV analysis. The IC reveals five peaks labelled 1 to 5 and the DV in total 

four peaks labelled 1 to 4. During the ageing process, only peak 1 and 5 are showing any 

changes in the IC (Figure 7-6b). In the DV, peak intensities and positions are only changing 

during the discharging process, namely peak 1 and 5 (Figure 7-6c and d).  The peak intensity 

of IC peak 1 decreases during ageing and the peak intensity of peak 5 increases, but only during 

the discharging process. The position of the IC peaks shift slightly on the voltage axes during 

charging towards smaller and during discharging towards higher voltages. In the DV of the 

charging process, the peaks do not change noticeably, the peak positions and intensities stay 
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constant throughout the ageing. Only the steep increase after the first peak moves towards 

smaller capacities, which is indicating the cell capacity loss. During the discharging, the peaks 

are shifted and change their intensities. The intensity of peak 1 increases slightly, while the 

peak 5 decreases regarding the absolute value during ageing. Looking at the relative change of 

the intensity of peak 4 though, the vertical distance from peak top to the valley on its left hand 

side (parameter æMinMax) increases during ageing for the cell aged at 50% DOD, AP2  (Figure 

A4a). For the cell aged with 100% DOD, AP2, the parameter stays constant after 500 Ah (Figure 

A4b). Similar to the charging DV, the steep increase after DV peak 4 shifts towards smaller 

capacities in the discharge DV, which indicates the end of the discharging process. The shift is 

especially pronounced for the first discharge DV peak 1, which represents the extractable 

capacity during stage 1 of the anode (Qstage 1). The reduction of the extractable capacity during 

the stage 1 is shown in Figure 7-7e, which shows, that the capacity of Qstage 1 decreases by 

roughly 75%. The distance between discharge DV peak 1 and 4, which represents the 

extractable capacity Qstage 2+3+4 during stage 2, 3 and 1d+4, stays rather constant throughout the 

ageing and even increases slightly at the EOL (see Figure 7-7e) 81,91,200. Contrary to the cell 

aged at 50% DOD, AP2, the cell aged with 100% DOD, AP2 shows a smaller decrease of Qstage 

1 of only about 40%, but a loss of Qstage 2+3+4 of about 7% (see Figure 7-7f). Similar observations 

were found by Li et al. with cells cycled at 60°C showing a higher loss of Qstage 2+3+4 at 100% 

DOD compared to 30% DOD (100% - 70% SOC) 201.   

 

 
































































































































































