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Lecture 14 
 

Electrochemistry of the lithium-ion battery 
 

Goal of the Lecture 

The goal of this lecture is to provide a comprehensive theoretical foundation 
for understanding lithium-ion battery (LIB) operation from an electrochemical 
perspective. Students will learn the thermodynamics of intercalation 
reactions, electrode material energetics, charge/discharge mechanisms, and 
the multi-step physical processes underpinning LIB performance. Particular 
attention is given to how Electrochemical Impedance Spectroscopy (EIS) 
can resolve elementary transport and kinetic processes in composite 
electrodes. 

Lecture Objectives 
By the end of this lecture, students will be able to: 

1. Explain the electrochemical operation of LIBs, including ion 
intercalation, electron transport, and phase transitions in electrodes. 

2. Interpret thermodynamic data (ΔG°, equilibrium potentials) for 
common LIB materials such as graphite and LiFePO₄. 

3. Describe the chain of elementary physical processes that govern LIB 
performance (electron transport, ionic transport, insertion kinetics, 
diffusion inside particles, etc.). 

4. Analyze the relationship between free energy change and cell voltage 
using the Nernst relation. 

5. Evaluate the capabilities and limitations of EIS for resolving kinetic and 
transport processes in practical LIB electrodes. 
 
Lithium-ion batteries (LIBs) are electrochemical energy converters that 

play an important part in everyday life, powering computers, tablets, cell 
phones, electric cars, electric bicycles, and numerous other devices. They 
can also be used to store intermittently produced renewable energy. The 
lithium-ion battery’s immense utility derives from its favourable 
characteristics: rechargeability, high energy per mass or volume relative to 
other battery types, a long cycle life, moderate to good thermal stability, 
relatively low cost, and good power capability. These characteristics can be 
tuned to some extent using different transition-metal oxides or phosphates 
in the positive electrode. In recognition of the importance of lithium-ion 
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batteries, the 2019 Nobel Prize in Chemistry was awarded to Goodenough, 
Whittingham, and Yoshino. 

While most household lithium-ion batteries consist of a single 
electrochemical cell generating a cell voltage of around 3.4 V, batteries 
providing higher voltages can be constructed from several such 
electrochemical cells in series. A typical cell, see Figure 1, consists of two 
electrodes (negative and positive), a separator between the electrodes and 
an electrolyte that conducts ions but not electrons, as well as metallic current 
collectors on the electrodes that conduct electrons from the active materials 
to the external electrical circuit that allows the electrons to flow from the 
negative to the positive electrode. 

 
Figure 1. Schematic of a discharging lithium-ion battery with a lithiated-

graphite negative electrode (anode) and an iron-phosphate positive 
electrode (cathode).  

 
Figure 1 shows a schematic of a discharging lithium-ion battery with a 

negative electrode (anode) made of lithiated graphite and a positive 
electrode (cathode) of iron phosphate. As the battery discharges, graphite 
with loosely bound intercalated lithium (LixC6(s)) undergoes an oxidation half-
reaction, resulting in the release of a lithium ion and an electron. The lithium 
ion crosses the electrolyte-soaked separator and moves to the FePO4(s) 
cathode, where it enters and fills channels or tunnels in the iron phosphate, 
forming LiFePO4(s).  

Since the separator and electrolyte are electrical insulators, the 
electron must travel through the external circuit, giving off the energy 
released in the chemical reaction. At the cathode, the electron is taken up by 
a transition-metal ion such as Fe3+, Co4+, or Mn4+, or by oxygen. This process 
is energetically downhill because the weakly bonded lithium in LixC6 is high 
in energy compared to more strongly bonded lithium in the positive electrode. 
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Since lithium is bonded only relatively weakly to graphite sheets (see below), 
the lithiated graphite electrode stores a lot of chemical energy. 

 
The negative electrode of a discharging lithium-ion battery is the 

anode. It consists of a conductive material where lithium is weakly bonded 
and easily released as a lithium ion while the electron is left behind in the 
electrode and passed on to the external circuit.  In practice, lithiated graphite 
is the most widely used material for anodes. The intercalation of lithium from 
lithium metal into graphite can be written approximately as 

 
Li(s) + 6C(s) = LiC6(s) ∆rG0 = 15 ±6 kJ mol -1 

 
The negative free energy change indicates that the intercalation is 
spontaneous: lithium is bonded slightly more strongly in graphite than in 
metallic lithium. Nevertheless, as demonstrated in the next section, the 
difference is small (<5%) compared to the difference in lithium bonding 
energy between the anode and the strongly ionically bonded cathode 
materials. This confirms that lithium is relatively weakly bonded in a graphite 
anode. 

The electrical energy released per mole of lithium in the reaction of the 
widely used iron phosphate-based cathode materials 

Li(s) + FeIIIPO4(s)- LiFeIIPO4(s)  
equals the free-energy change, ∆rG0 = -331 kJ mol-1. The strongly negative 
values confirm that discharge in a lithium iron phosphate battery is 
energetically strongly downhill. According to the well-known relation 

Ecell = -∆rG0/F 
with the Faraday constant F = 96.5 kC mol-1, the cell voltage is E0cell=3.43 V. 
 

The detailed nature of specific mechanisms, such as the effect of 
charge/discharge rate or prolonged cell cycling on the energy and power 
storage performance, is still not sufficiently understood. These aspects are 
crucial and strongly affect, e.g. the lifetime and cost of LIBs and must be 
implemented to improve the overall quality of a LIB device. In this regard, 
electrochemical impedance spectroscopy (EIS) could be considered as a 
useful technique that may generate insights to help solve the not yet 
addressed LIB issues. 

Even when using symmetric or three-electrode cells, the number of 
elementary processes taking place in the cell may remain high and typically 
involves (i) transfer of electrons from the current collector to the electrode 
composite, (ii) electron conduction/ migration across the composite electrode 
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thickness, (iii) ion migration across the electrode thickness, (iv) 
electrochemical insertion of ion and electron into the active storage particles, 
(v) double-layer charging at solid/liquid interfaces, (vi) coupled diffusion of 
active and non-active ions in porous electrode composite, (vii) coupled 
diffusion of ion and electron inside the active storage particles and (viii) 
migration and diffusion of ions in separator. In fact, in the ideal case, EIS can 
detect separately more or less all of these processes as individual features 
in a single measured spectrum (Figure 2).  

 
Figure 2. Typical processes in a lithium-ion battery electrode and their 

identification using electrochemical impedance spectroscopy measurements 
[1].  

a) Schematics showing the movement of electrons and mobile ions in 
a typical Li ion insertion positive electrode.  

b)  Theoretical impedance response for an ideal case where each 
individual step shown in a can be seen as a separate feature.  

c) Example of a practical EIS measurement where many of the 
predicted features are not seen due to overlap of time constants, 
very small values of impedance values for certain steps or other 
measurement artefacts. Most of the missing features can be 
retrieved using dedicated electrochemical experiments, as 
explained in the main text. 
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To be precise: in the ideal case, the number of measured features is 
only one less than the number of individual processes which shows the 
capability of EIS to split the complex processes into their elementary steps. 
The problem is that many of these individual features overlap in realistic 
measurements, and it is rather challenging to decouple them 
unambiguously. This aspect is crucial and must be carefully considered to 
exploit EIS in the battery research field fully. 

 
Questions for Self-Examination  

1. Why does lithium intercalate into graphite spontaneously, and why is 
the ΔG° small compared to typical cathode reactions? 

2. Explain how the difference in ΔG° between anode and cathode 
determines the open-circuit voltage of an LIB. 

3. What physical processes must be considered when modelling a porous 
composite electrode? 

4. Why is EIS capable of, in principle, separating multiple elementary 
processes in LIBs? 

5. What limits the ability of EIS to resolve all processes in practical cells? 
6. Describe how lithium moves during discharge—from anode to 

cathode—through which phases and interfaces? 
7. What governs the rate of lithium insertion in LiFePO₄? 
8. Explain the differences in bonding energy of lithium in LixC6 versus 

FePO₄, and how this explains energy storage. 

Self-Study Assignment  
Assignment Title: 

Simulation of Electrochemical, Transport, and Intercalation Processes in a 
Lithium-Ion Battery Electrode Using COMSOL Multiphysics 

Objective: 
To model intercalation kinetics, ionic transport, and electronic conduction in 
a porous LIB electrode and to perform impedance spectroscopy simulations 
that reveal elementary steps governing LIB performance. 

 
Tasks 
1. Geometry and Physics Setup 

• Build a 1D through-thickness model representing: 
o Current collector 
o Porous active electrode 
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o Separator 
o Counter electrode 

• Use COMSOL’s Lithium-Ion Battery or General Battery Interface. 
• Solve for: 

o Solid potential (ϕₛ) 
o Electrolyte potential (ϕₗ) 
o Electrolyte concentration c(x,t) 
o Solid-phase lithium concentration in active material particles 

(cₛ,r,t) 
o Optional: porosity evolution 

2. Thermodynamic & Electrochemical Parameters 
Define: 

• Equilibrium potentials for graphite and LiFePO₄ using Nernst-type 
expressions. 

• Intercalation free energies ΔG° (graphite, LFP). 
• Phase transformation parameters if using LFP two-phase models. 
• Butler–Volmer kinetics for intercalation: 

𝑖 = 𝑖! ⁣(𝑒"!#$/&'−𝑒(""#$/&'+ 
 

3. EIS Simulation 
Perform small-amplitude sinusoidal perturbation around equilibrium for 
frequencies from 100 kHz to 10 mHz. 

Resolve contributions from: 

1. Charge transfer resistance 
2. Double-layer capacitance 
3. Electrolyte ionic transport 
4. Electronic conduction 
5. Solid-state diffusion in active particles 
6. Separator transport resistance 

Generate: 

• Nyquist plot 
• Bode magnitude and phase plots 
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• Impedance vs SOC (optional) 

4. Charge/Discharge Simulation 
Run a galvanostatic discharge at moderate current (e.g., C/2): 

• Plot voltage vs time 
• Plot electrolyte concentration gradients 
• Plot lithium intercalation profiles inside particles 

5. Interpretation Tasks 
Explain: 

• Which semicircles or arcs correspond to charge transfer, diffusion, or 
electrolyte effects. 

• Why some features predicted theoretically (Figure 2a–b) merge in 
real cells. 

• How active material composition affects rate capability and 
impedance. 

 
Deliverables 

• COMSOL .mph model (EIS + discharge) 
• Nyquist and Bode plots 
• Concentration and potential profiles 
• Short report (3–4 pages) discussing the link between physical 

processes and impedance features 

Learning Outcomes  
Learning Outcome (LO) Indicator of Achievement 

(ID) 
Description  

LO 4: Describe the key 
structures and 
performance criteria of 
chemical and 
electrochemical energy 
storage systems. 

ID 4.3: Describe 
intercalation chemistry, 
charge/discharge 
processes, and typical 
performance of lithium-ion 
batteries. 

Students will describe 
intercalation reactions, 
cathode/anode energetics, 
and multi-step physical 
processes underlying LIB 
performance. 
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