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Thermodynamics and Electrochemistry

Full lithium ion cell discharge reaction

Li AN +CA

discharge 5 AN + Li, CA
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EO (X,T) Open circuit voltage

Free energy of the full reaction is:

AG(X,T)=-n-F-E,(x,T) F
Free energy of the full reaction can be written:

AG(X,T)=AH(X,T)-TAS(x,T)

Neglecting T-dependence:

AG, (X, T)=AH(x) —TAS(x)

Combining equations:

OE, (X, T)

AS(X)=F
) oT

Thermodynamic Modeling and Experiments in
Systems Evaluated in the WENDELIB priority
program for Li-ion batteries

AH
AS
OE, (X, T)
oT

n Charge number
(n=1 for Li*)

Faraday constant

Heat and entropy
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Temperature
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Focus Themes of WeNDeLIB ﬂ(IT

Karlsruhe Institute of Technology

- Thermodynamics and phase diagrams govern battery performance
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- Battery safety (thermal runaway) 42

- Structural stabilities of active materials
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Li,,,Mn, O, Spinel - Phase Boundaries .&\J(IT
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 Samples prepared using sol-gel synthesis

e The Li-rich boundary of the Li,,,Mn,_,O, phase determined using thermogravimetric
analysis
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High Temperature Oxide Solution Calorimetry ﬂ(IT

Karlsruhe Institute of Technology

» Drop Solution Calorimeter (Alexsys 1000, Setaram)
» Twin-Calvet-Type
» Sodium molybdate (3Na,0-4M00O,) solvent
» Solution calorimetry performed at 700°C

Platinum tube for bubbling gas

Al,O, lid

SiO, glass dropping tube
SiO, crucible

SiO, glass liner

Platinum crucible

Inconel protection tube
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Li, ,Mn, sO,: Drop Solution Measurements .&\J(IT
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Measured Enthalpy of Drop Solution .\A‘(IT
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Thermodynamic Cycle: Enthalpy of Formation from the g(IT
Oxides e Tachniony

AH298 K

(1+x)/2 (1-3x+28)/2 (1+2x-205) AH .
AHds(I-iZO) AHds(anO?,) AHdS(MnOZ) (Li1+xM n2-xo4-6)

(1+x)/2-L1,0 (soiution) (1-3x+25)/2-Mn O3 (solution) (1+2%-28)-MNO, o1ution)

AHZ o2 = (1612 -AHg(Li,0) + (1-3x+28)/2: AHgg(Mn,0,)+(1+2x-25)- AHgo(MnO,)
- AHds (Li1+an2-xO4-8)
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Enthalpy of Formation from the Oxides .&\J(IT
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Differential Scanning Calorimetery ﬂ(IT

Karlsruhe Institute of Technology

thermocouple - __— hoisting device

Reference

heating element

sample carrier —

protective tube - —

radiation shield

[_1-: 1 purge 1 \ Temperature and Heat Flux
1 [serc: J1  purge2 \ sensors

Heat flow paths Thermal resistor

| Heating and cooling system

Netzsch 404 F 1 Netzsch 204C

Thermodynamic Modeling and Experiments in KIT — University of the State of Baden-Wuerttemberg and
Systems Evaluated in the WENDELIB priority National Research Center of the Helmholtz Association
program for Li-ion batteries



Measured Specific Heat Capacity of Li,MnO,
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Thermodynamic Desciptions in the Li-Mn-O System ﬁ(IT
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Modeling of LiIMnO, and LiMn,O, as stoichiometric phases

0GEMN0z 5. 06820 4 05.06M™20% 4 gy B.T

0GEM™2% = 05. 0620 4 0.5.0GM"™% 1050602 4 A+ B-T
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m

A: Enthalpy of Formation from the oxides. Determined by solution calorimetry

Calculation of cell potentials

Cathode __ ,,Anode Cathode
V= Hri Hri _ Hri
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Calculated Specific Heat Capacity of Li,MnO,
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Calculated Isothermal Section at 400°C ﬂ(IT
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Calculated Coulometric Titration Curve at 400°C ﬂ(IT
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Calculated Coulometric Titration Curve at R. T.
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Li-Sn: Collaboration Map ﬂ(".
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Li-Sn: Calculated Phase Diagram A\J(IT
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Heat Capacity of Li-Sn Intermetallics ﬂ(".
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Li-Sn: Thermochemical Data .\l‘(".
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Li-Sn: Coulometric Titration Curve .\l‘(".
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Cu-Sn: Order-Disorder Transformation ﬂ(".
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Cu-Sn: New Experimental Phase Diagram ﬂ(".
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Cu-Sn: Calculated Phase Diagram ﬂ(".
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Cu-Li: Motivation ﬂ(".
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Cu-Li1: Motivation
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Cu-Li: Calculated Phase Diagram
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Cu-Li: Enthalpy of Mixing and EMF Data
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Lots of work still needs to be done!
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