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Battery Fundamentals

Preliminaries
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The Cell
- Cell smallest individual electroehemical unit.

- Delivers a voltage dependent strictly on cell chemistry.

- Example: A single NiMH cylinder = 1.2V.

The Battery
- Battery A group of cells connected together

- Packaged in a single physical unit.

- Example:

➢ l2V Lead-Acid battery = Six 2V cells in series.

➢ Most High-Voltage lithium-ion Batteries include some 
cells wired in series

➢ Most High-Capacity lithium-ion Batteries include some 
cells wired in parallel 

Single Cell

Battery

schematic symbols
Terminology: Cell vs. Battery
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Terminology: Cell vs. Battery
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High Voltage/Capacity Li-Battery pack
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Car Battery Pack
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1. Cell Nominal Voltage

Determined strictly by the combination 

of active chemicals used in the cell.

2. Cell Nominal Capacity

Specifies the quantity of charge the 
battery is rated to hold.

• Measured in Ampere-hours (Ah).

Fundamental Ratings
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Definition: The constant-current charge or discharge rate a cell can sustain for exactly
one hour.

Example: A 20 Ah Cell

1C Rate:
- Current: 20 A
- Duration: 1hour

C/10 Rate:
- Current: 2 A
- Duration: ~ 10 hours

10C Rate:
- Current: 200 A
- Duration: ~6 minutes

Note: Relationship is not strictly linear 
due to inefficiencies.

✓ C rate is a relative measure of cell current 

The C-Rate: Measuring Relative Current
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Series Connection

Effect: Adds Voltage. 

Capacity: Remains Constant.

Example (5 cells @3V,2oAh each):

• Voltage: 15 V

• Capacity: 20 Ah

• Energy Capacity: 300 Wh

Parallel Connection

Effect: Adds Capacity. 

Voltage: Remains Constant.

Example (5 cells @ 3V, 2oAh each):

• Voltage: 3V
• Capacity: 100 Ah

• Energy Capacity: 300 Wh

9

Pack Configuration: Series vs. Parallel
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Specific Energy (Gravimetric): 
Maximum amount of stored Energy 
per unit weight (Wh/kg). 

• Implication:
Higher Specific Energy        Lighter cells

• Let weight be constant:
Material with Higher Specific Energy 
can store more energy 

Specific Energy vs. Energy Density
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Energy Density (Volumetric): 
Maximum amount of stored Energy per
unit volume (Wh/l). 

• Implication:

• Let volume be constant:
Material with Higher Energy Density can 
store more energy 

Higher Energy Density    Smaller cells

Specific Energy vs. Energy Density
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The Balancing Act of Battery Performance:
Energy, Stability and Quality
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Battery Fundamentals

How electrochemical cells work

13



1.Negative Electrode (Anode):
Metal, alloy, or hydrogen. Gives up electrons

during discharge.

2.Positive Electrode (Cathode):   
Metallic oxide or sulfide. Accepts electrons

during discharge.

3. Electrolyte:
Ionic conductor (solvent + salt). Medium for 
internal ion charge transfer between the 
electrodes.

4. Separator:
Porous electronic insulator. Prevents internal
shorts but allows ion flow.

Each cell comprises at least three, and sometimes four components
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Internal Anatomy of a Cell
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Negative Electrode
During Discharge:
•Acts as Anode.
• Is Oxidized (give up

electrons to external 
circuit).

During Charge:
•Acts as Cathode*.
• Is Reduced (accepts 

electrons from 
external circuit).

Positive Electrode
During Discharge:
•Actsa as Cathode.
• Is Reduced (accepts 

electrons from 
external circuit).

During Charge:
•Acts as Anode*.
• Is Oxidized (gives up 

electrons to external 
circuit).Mnemonic: OIL RIG

Oxidation Is Loss (of electrons)
Reduction Is Gain (of electrons)

* During charging, the negative and positive electrodes are referred to as the cathode and anode, respectively. However, 

in practice, many people still commonly use the terms anode and cathode without considering the operating mode.

Electrode Function & Redox Reactions
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The Electrolyte

Function: Provides Ionic conductivity between electrodes.

✓ It must be an electronic insulator to avoid self discharge.

• Aqueous electrolytes (Water-based): Limited to < 2V.

(Water dissociates into H/O at higher voltages).

• Non-Aqueous electrolytes: Required for Lithium-based cells (> 2V).

The Separator

Function: Physically isolates electrodes to 
prevent internal short circuits (self discharge 
of the cell).

The Electrolyte & Separator
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Electrochemistry
Negative 
Electrode

Positive 
Electrode

Electrolyte
Nominal 
Voltage

Lead Acid Pb PbO2 H2SO4 2.1 V

Dry Cell Zn MnO2 ZnCI2 1.6 V

Alkaline Zn MnO2 KOH 1.5 V

Nickel Cadmium Cd NiOOH KOH 1.35 V

Nickel Zinc Zn NiOOH KOH 1.73 V

Zinc Air Zn 02 KOH 1.65 V

Common electrochemical Cell Chemistries
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Mechanism:

- Chemical potential at the Negative Electrode

favors a chemical process that would  release:

✓ electrons into external circuit,

✓ positively charged ions into the electrolyte.

- Chemical potential at the Positive Electrode favors 
a chemical process that would  accept:

✓ electrons from the external circuit 

✓ positively charged ions from the electrolyte.

The Discharge Process
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Mechanism:

- EMF (Electromotive Force) or cell voltage:

The resulting ”electrical pressure" or ”potential
difference" between the terminals.

- Cell performs work when an external circuit is 
completed, converting stored chemical potential 
energy into electrical energy on demand. 

The Discharge Process
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Primary Cells (Single Use)

- Reaction is irreversible.
- Chemical compounds are permanently

changed and electrical energy is 
released .

- Whenthe original compounds exhausted ,
the cell is dead.

Do Not 
Recycle

Secondary Cells (Rechargeable)

Negative 
Electrode 
Anode 

(#2ECC71)

Positive 
Electrode 
Cathode 

(P9BS9B6)

Recharge

Electron
Flow

Negative 
Electrode 

Anode 

- External potential “pumps” energy back in.

- Cations move Positive -> Negative.
- Electrons forced Positive -> Negative.
- Result: Active chemicals reconstituted to 

original state.

External Potential

Electron
Flow

Positive 
Electrode 
Cathode

- Reaction is reversible.

- In charge process:

can be discharged and recharged many timesPrimary cells can be used only once.

The Charge Process: Primary vs. Secondary



21Battery Management Systems   ©M.Razeghizadeh, Iran University of Science and technology, 1st ed.   http://razeghizadeh.pudica.ir 21Battery Management Systems   ©M.Razeghizadeh, Iran University of Science and technology, 1st ed.   http://razeghizadeh.pudica.ir

Battery Fundamentals

Choice of active chemicals

21
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The voltage and current generated by a cell is directly related to the types 
of materials used in the electrodes and electrolyte.

Material Selection Drive Cell Performance
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Definition: The propensity of a 
material to gain or lose
electrons relative to another
material.

The Rule:
- Compounds with negative 

electrode potential are used for 

negative electrodes

- Compounds with positive electrode 

potential for positive electrodes.

Electrode Potential
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Why do we choose specific elements as active materials?

Key Concept: The number of valence electrons determines reactivity. Elements on the
extremes (Left and Right) are the most reactive and create the highest potentials.

Atomic Structure & Chemical Selection
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Decoding the Table: Groups and Periods
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Valence Electrons: The engine of Reactivity
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The Quest for Stability: Surplus vs. Deficit
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Oxidizing Agents: The Electron Acceptors
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Converting Chemical Potential to Electrical Energy
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The Electrochemical Series
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Analyzing Standard Potentials
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Maximizing Cell Voltage (EMF)
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Maximizing Cell Voltage (EMF)
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Summary: From Atomic Structure to Battery Power 
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Battery Fundamentals

Lithium-Ion Cell Preview

35
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A single Li-ion cell can 

often replace multiple 

NiMH or NiCd cells.

Voltage

Lithium-ion cells offer 

higher energy density 

than most secondary 

(rechargeable) cells. 

Energy Density

Lithium-ion NiMH / NiCd

Lithium-ion cells Retain 

most charge even after 

months of storage. While 

Ni-based batteries lose 

1-5% charge per day 

when idle. 

Ex: Airport Parking.

Self-Discharge

Lithium-Ion Cell Advantages



37Battery Management Systems   ©M.Razeghizadeh, Iran University of Science and technology, 1st ed.   http://razeghizadeh.pudica.ir 37Battery Management Systems   ©M.Razeghizadeh, Iran University of Science and technology, 1st ed.   http://razeghizadeh.pudica.ir 37

❑ Lithium-ion cells work differently from the electrochemical cells: Rather than a
redox reaction, they depend on an “intercalation” mechanism.

❑ This involves the insertion of lithium ions into the crystalline lattice of the host
electrode without changing its crystal structure. 

❑ These electrodes have two key properties:

✓ Open crystal structures, which allow the 
insertion or extraction of lithium ions in 
the vacant spaces (layered Crystal 
structures: 2D Materials),

✓ The ability to accept compensating 
electrons at the same time (Potential Diff). 

Lithium-Ion Cell



38Battery Management Systems   ©M.Razeghizadeh, Iran University of Science and technology, 1st ed.   http://razeghizadeh.pudica.ir 38Battery Management Systems   ©M.Razeghizadeh, Iran University of Science and technology, 1st ed.   http://razeghizadeh.pudica.ir 38

❑ Lithium is stored in the electrodes much like water is stored in a sponge.

❑ Li is stored in the electrodes, and Li+ moves through the electrolyte.

❑ Li+ enters an electrode, becoming Li when an electron is available.

❑ Conversely, Li exits an electrode and becomes Li+ when it can give-up
an electron.
✓Within the electrode, the lithium atom’s electron is loosely shared

with neighboring atoms.
✓ The lithium is not tightly bonded in one place and is actually quite

free to move around.
✓ Lithium enters the surface of the electrode particles, but diffuses

inward to equalize the concentration of lithium in the electrode.

Lithium-Ion Cell
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❑ During discharge,
✓ compensating electrons traverse the external circuit and are accepted by the

positive electrode to balance the reaction.
✓ Simultaneously, lithium ions are dissociated from the negative electrode and

migrate across the electrolyte and are inserted into the crystal structure of the
positive electrode.

❑ The process is completely reversible. Thus, the lithium ions pass back and forth
between the electrodes during charging and discharging.

The intercalation mechanism is much gentler than an electrochemical 
reaction, so lithium-ion cells have much longer lives than other 

secondary cells.

Lithium-Ion Cell



40Battery Management Systems   ©M.Razeghizadeh, Iran University of Science and technology, 1st ed.   http://razeghizadeh.pudica.ir 40Battery Management Systems   ©M.Razeghizadeh, Iran University of Science and technology, 1st ed.   http://razeghizadeh.pudica.ir 40

+_

Li

Li

Li

Li

Li
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Current Flow
Electron Flow

Li-ion Cell:
Discharge Process
Li-ion Cell:



41Battery Management Systems   ©M.Razeghizadeh, Iran University of Science and technology, 1st ed.   http://razeghizadeh.pudica.ir 41Battery Management Systems   ©M.Razeghizadeh, Iran University of Science and technology, 1st ed.   http://razeghizadeh.pudica.ir

+_

Li

Li
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Li

Li
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+

Current Flow
Electron Flow

Li-ion Cell:
Charge Process
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Li-ion Cell:
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❑ Electrodes are not homogeneous blocks, but rather millions of small particles, which:
✓ Increases the surface area where reactions may occur,
✓ decreasing cell resistance,
✓ enhancing power delivery capability.

Lithium-Ion Cell
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Lithium-Ion Cell
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Mechanical Assembly: Cell Form Factors
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Mechanical Assembly: Cell Form Factors
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Cu

Copper
Al

Aluminum

Interface: Current Collectors
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The Anode Standard: Graphite (The Layered Host)
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Anode Variations: Disorder, Stability and Expansion
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Lithium-ion cell makeup: Negative electrodes

❑ Most commercial Li-ion batteries employ graphite-
based (C6) materials as the negative electrode.

❑ Graphite consists of layered graphene sheets held
together by weak van der Waals forces.

❑ These stacked layers create interlayer spaces that
enable lithium-ion intercalation.

❑ During charging, lithium ions reversibly insert
between graphene layers to form LiC₆.

❑ Both natural and synthetic graphite are used,
offering different particle morphology and
electrochemical performance.

❑ In some commercial systems, alternative anode
materials such as silicon–graphite composites or
lithium titanate (Li₄Ti₅O₁₂) are also utilized.
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Classifying Cathodes By Diffusion Pathway
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Category 1: Layered Oxides (2D Structure)
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Lithium-ion cell makeup: Positive electrodes

❑ There is much more variability in the choice for positive
electrodes.

❑ In 1980, John B. Goodenough discovered that LixCoO2 (LCO)
(lithium cobalt oxide) was a viable material for lithium
intercalation.

❑ LCO has layers, somewhat like graphite, so it is often called
a “layered cathode”.

❑ This LCO material is commonly used in portable electronics
cells, but suffers some problems when trying to scale up:

✓ Cobalt is rare, toxic, and expensive;

✓ Only about half the theoretic capacity is useable, else
the cell ages rapidly.

LixCoO2 (LCO) 
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Optimizing the 2D Structure: NCM & NCA
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Lithium-ion cell makeup: Positive electrodes

❑ Nickel can be substituted for cobalt, resulting in higher
energy density (higher voltages at same capacity), but is
not very thermally stable. Aluminum, chromium, and
manganese can be substituted as well, resulting in
somewhat different properties.

❑ NCM (a.k.a. NMC) is a blend of nickel, cobalt, and
manganese, which retains the layered structure, and has
properties from all three constituent metals.

❑ NCA is a blend of nickel, cobalt, and aluminum, which has
also been commercialized (Saft).

LixCoO2 (LCO) 
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Category 2: SPINEL (3D Structure)
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Lithium-ion cell makeup: Positive electrodes

❑ In 1983, Goodenough and Thackery proposed LixMn2O4

(LMO) as an alternate intercalation material: Mn sits in the
octahedral sites, Li in the tetrahedral.

❑ This material has a cubic “spinel” structure. It allows 3D
diffusion (vs. 2D for layered and 1D for olivine).

❑ The value of “x” typically varies between 0 and 1, but can
go as high as 2 (LMO is unstable in acidic conditions when
“x” is greater than 1).

❑ The LMO positive-electrode material is cheaper and safer
than LCO, but can have short lifetime due to the
manganese dissolving into the electrolyte under some
conditions.

LixMn2O4 (LMO) 
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Category 3: OLIVINE (1D Structure)
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Lithium-ion cell makeup: Positive electrodes

❑ In 1997, Goodenough proposed olivine style

phosphates as a third major category of positive-

electrode material.

❑ LixFePO4 (LFP) is the most common in this family.

❑ This material is low cost, and low toxicity, but also low

energy density.

❑ 1D structure tends to have high resistance.

❑ There are other candidate materials, mostly mixtures

of the above.

LFP
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Positive Electrode Reference Matrix
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The Electrolyte: The ION Highway
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Separator: The Final Line of Defense



62Battery Management Systems   ©M.Razeghizadeh, Iran University of Science and technology, 1st ed.   http://razeghizadeh.pudica.ir 62Battery Management Systems   ©M.Razeghizadeh, Iran University of Science and technology, 1st ed.   http://razeghizadeh.pudica.ir 62

Summary: The Balance of Materials
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Battery Fundamentals

The Anatomy of Lithium-Ion Cell
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Li

Ni
Pb

Cd

Hg

The Lithium Myth: Abundance vs. Scarcity
The Perceived shortage of lithium is a challenge of extraction and refinement, not geological existence.
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Supply vs. Automotive Demand
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Supply vs. Automotive Demand
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Stage 1: Slurry Mixing
Active black powder mixed with conductive 
binders.
Cross-contamination ruins cells; anode and 
cathode are processed in separate cleanrooms. 

0

Manufacturing Pipeline I: Coating & Drying
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Manufacturing Pipeline II: Calendaring & Slitting



69Battery Management Systems   ©M.Razeghizadeh, Iran University of Science and technology, 1st ed.   http://razeghizadeh.pudica.ir 69Battery Management Systems   ©M.Razeghizadeh, Iran University of Science and technology, 1st ed.   http://razeghizadeh.pudica.ir 69

Manufacturing Phase 1: The Roll-to-Roll Process
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Cell From Factors
The Physical architecture dictates internal geometry and application. 
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The Electrode Sandwich (Micro-Scale)



72Battery Management Systems   ©M.Razeghizadeh, Iran University of Science and technology, 1st ed.   http://razeghizadeh.pudica.ir 72Battery Management Systems   ©M.Razeghizadeh, Iran University of Science and technology, 1st ed.   http://razeghizadeh.pudica.ir 72

How the processed foils are packed into physical form factors.

Spiral Winding (Cylindrical & Prismatic)
Two continuous strips of electrode foil and 
interleaved separator are wound into a tight spiral.
A single tab connects each electrode, though 
high-power cells use multiple edge tabs to carry 
higher currents.

Plate Stacking (Pouch Cells)
Pre-cut individual electrode plates are stacked 
alternately.A continuous separator weaves 
between them.All negative tabs are welded in 
parallel to the negative terminal; all positive tabs 
are welded in parallel to the positive terminal.

Assembly Types: Winding vs. Stacking
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1 2 3 4 5 6
The Assembly Process Flow
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Final Physical Step: Following injection, the cell is
permanently hermetically sealed (e.g., via a ball sealing
process) and labeled with batch/serial identification for
traceability.

7

8

The Dry Room: Electrolyte Fill & Sealing
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Formation: Waking the battery
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How batteries eventually break down, split into two distinct thermodynamic pathways.

Driven by poor manufacturing (burrs, contamination) 
or operational trauma (crush, extreme temperature), 
unsuitable charging profiles, physical crushing, 
peneteration, freezing and  uncooling.

Results in thermal runaway, fires, or dead cells.

Internal design faults cannot be fixed by BMS once 
manufactured.

Cell Failure

Aging 
(Gradual & Inevitable)

Abuse & Defects 
(Sudden & Catastrophic)

Context: Optimal control systems are designed to manage aging and prevent external abuse, but they are powerless against internal manufacturing defects.

Driven by time, normal chemical reactions, and 
physical wear.

Results in increased impedance, reduced capacity, 
and self-discharge.

Mitigated by Battery Management Systems (BMS).

Entropy: Overview of Failure Modes
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Failure Mechanism Root Cause Operational Effect

Corrosion Undesired chemical reactions with the 
surrounding internal environment consume 

active chemicals. 

Gradual capacity loss and increased 
internal impedance.

Evaporation
Gaseous loss of electrolyte components 

resulting from chronic over-charging. 
Permanent, unrecoverable capacity loss. 

Crystal Formation
Over time, tiny electrode particles merge into 

much larger crystalline structures. 

Massively reduces effective surface 
area, crippling current-carrying capacity 

and spiking impedance. 

Passivation A resistive layer builds up continuously on the 
electrodes , acting as a physical barrier to the 

chemical action. 
Increased internal impedance

Swelling & Cracking Changing crystal structures physically expand 
the electrodes, increasing pressure on the 

separator. 

Electrolyte dry-out or physical cracking 
in solid-state architectures. 

Note: All of these natural aging processes are permanently accelerated by elevated operating temperatures.   

Aging & Degradation Diagnostics



78Battery Management Systems   ©M.Razeghizadeh, Iran University of Science and technology, 1st ed.   http://razeghizadeh.pudica.ir 78Battery Management Systems   ©M.Razeghizadeh, Iran University of Science and technology, 1st ed.   http://razeghizadeh.pudica.ir 78

Dendritic Growth 
(Chemistry Failure)

Slitting Defect (The Burr)
(Manufacturing  Failure)

Slitting Defect 
(The Burr)

Dendritic 
Growth 

Soft Short Hard Short
A small, localized contact point. Sometimes acts like a 
self-correcting fuse where the high current instantly 
melts the tiny connection, interrupting the current path.

A solid, unyielding connection causing massive, 
uncontrolled current flow, resulting in total discharge, 
permanent cell death, and immediate thermal risk.

BMS LIMITATION: A Battery Management System can isolate external electrical shorts, but is completely powerless to 
stop an internal short circuit once the membrane is pierced.

Short Circuit Electrical Failures
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THE IMPERATIVE OF CONTROL: Thermal runaway is a thermodynamic point of no return. The ultimate goal of all battery engineering and Battery 
Management Systems (BMS) is to actively monitor thermal boundaries, prevent physical abuse, and manage current output to keep the cell safely 
confined within its designed operating window.

Takeaway: Once thermal runaway achieves positive feedback, it cannot be stopped by the Battery Management System (BMS); it must physically burn out.

The Ultimate Failure: Thermal Runaway
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CREADITS: This presentation was created by M.Razeghizadeh, a faculty member of 
the Electrical Engineering Department at Iran University of Science and Technology, 
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