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Presentation Notes
13:30[Ask people to sit next to at least one other person so can discuss things during the presentation]
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“The head cannot take in 
more than the seat can 
endure.”

— Winston Churchill

Presenter Notes
Presentation Notes
13:32The controlling principle when giving a 3-hour tutorial…
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Linear and nonlinear 
phenomena

LESSON PLAN: 3 X 50-MINUTE PRESENTATIONS
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Porous electrode battery models

1. Introductions
2. Fundamentals of modeling
3. Particle-based models

15-
minute 
breaks

Presenter Notes
Presentation Notes
13:33The plan. I have a lot of slides, but I’ll make sure to stop when we get to the 50-minute mark for each presentation.
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1. INTRODUCTIONS
A LITTLE ABOUT YOU
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Where are you living now?
• Europe
• Africa
• Asia
• Australia/Oceana
• South America
• North America

Where do you work?
• University
• Industry
• Government
• Other?

How many years studying 
electrochemistry (so far)
• 1 or less
• 2 to 4
• 5 to 10
• 11 or more

Your mathematical comfort level
• Algebra
• Basic calculus
• Partial differential equations

What do you want to get 
out of this tutorial?

Presenter Notes
Presentation Notes
13:34Let’s do an informal (raise hands) survey[Do a think-pair-share on last question.]I encourage participation as this is meant to be a tutorial not a lecture--feel free to raise your hand if you disagree with me, want to make a comment, or ask a question! 
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1. INTRODUCTIONS
A LITTLE ABOUT ME
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My academic/job path
• BS Chemical Engineering, BYU
• Gap year in Amman, Jordan
• PhD Chemical Engineering, UC Berkeley
• 22 years, Professor at BYU

Personal 
• Married for 28 years
• 5 children, 3 grandchildren
• I love to hike and ski 

Presenter Notes
Presentation Notes
13:38I love to do computer modeling and algorithm development. This was cemented during my PhD under Prof. John Newman.This picture shows my five children, one son-in-law, and me at the top of Snowbird ski resort last winter.
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2. FUNDAMENTALS OF MODELING
WHY DO WE MAKE MATHEMATICAL MODELS?
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• Save time and money by avoiding experiments
• Get information not directly measurable   V = IR
• Allow for computer control of system
• Demonstrate fundamental physical insight – do 

you really understand your system or not?
• Because it’s fun!

A good model allows for accurate extrapolation, 
not just interpolation and smoothing

Presenter Notes
Presentation Notes
13:40I have several slides to establish a common understanding of what models can do and principles in their use. This is general and not specific to electrochemistry.You may have already learned these principles in a statistics or numerical methods course.[Pose beginning question to the group (think-pair-share), then discuss answers.]
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2. FUNDAMENTALS OF MODELING
PARAMETERIZATION (I.E. FITTING, REGRESSION)
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• Models have fitting coefficients or parameters
• How many degrees of freedom to use?

•  The minimum needed! (Occam’s razor)
•  Sensitivity analysis
•  Confounding in nonlinear systems

• Orthogonal experiments
• Training vs. validation data set

Presenter Notes
Presentation Notes
13:45Occam’s razor is used in philosophy to say the simplest explanation is probably right. Here we mean the model that can succeed with fewer fitting parameters is better.Sensitivity analysis tells you which parameters have the biggest effect on model outcomes.Confounding of variables happens when multiple sets of parameters result in equivalently good fits of experiment. You cannot be sure your parameters are right!Therefore, when trying to fit multiple parameters in a nonlinear model, orthogonal experiments are needed to get rid of confounding. Orthogonal means change the experiment in nontrivial ways, like changing separator distance , electrode surface area, current rate, electrolyte concentration, etc. Plot: what would happen in this example if we picked different points for training vs. validation? It wouldn’t look quite so good.We will expand on the idea of degrees of freedom in the next slide
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2. FUNDAMENTALS OF MODELING
COMPLEXITY VS. SIMPLICITY
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• Complex system = more than the sum of its parts
• Paul Valéry’s conundrum: “Everything simple is 

false. Everything complex is unusable.” 
• George Box’s resolution: “All models are wrong, 

but some are useful.”
• John Hedengren: “A model is not a set of 

equations; it is a set of assumptions.”

Presenter Notes
Presentation Notes
13:50Complex systems seem sexy and there’s a temptation to treat all systems as such. Not to mention that electrochemical systems are often complex! But we need to be careful not to make a system needlessly complex.Paul Valery was a French philosopherGeorge Box is a famous statistician (1919-2013) (see en.wikipedia.org/wiki/All_models_are_wrong). His statement was in the context of statistical models like “assume population is normally distributed” but applies to science more generally.John Hedengren is a colleague at BYU who is a proficient modeler (check out his online courses at apmonitor.com)
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2. FUNDAMENTALS OF MODELING
ALL MODELS ARE WRONG…
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• Is the wrong part important or not?  PV=nRT
• Be a skeptic of your own model: what are its 

limits?
• Where do we want to be on this plot?

Accuracy

C
os

t

II       III 

 I       IV

Presenter Notes
Presentation Notes
13:52[Do think-pair-share and group discussion on both questions.]The ideal gas law is “wrong” because it assumes molecules are like ghosts that never see each other (interact or collide), they just have kinetic energy. However, it works quite well for gas pressures below about 10 bar. Above that pressure, it is not so accurate. And it is completely wrong for liquids and solids. Then we need more complex models (equations of state).You need to be a skeptic of your own model and try to get it to “break” and find the limits of its applicability. Two quotes from Albert Einstein: 1."No amount of experimentation can ever prove me right; a single experiment can prove me wrong” 2. “You make experiments and I make theories. Do you know the difference? A theory is something nobody believes, except the person who made it. An experiment is something everybody believes, except the person who made it.” By Accuracy I mean model accuracy. By Cost I mean the combination of human effort (the modeler) and computational time. Quadrants I and III represent the expected tradeoff. Definitely don’t want to be in quadrant II. If clever we can try to move from quadrant III to IVIt also matters the value of getting the accurate answer. If this is $100M project, then I’ll spend more on getting accuracy.
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2. FUNDAMENTALS OF MODELING
TYPES OF ELECTROCHEMICAL MODELS
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Applications
• Sensors
• Corrosion
• Electroplating
• Batteries
• Fuel cells
• Chemical synthesis
• Biological systems
• Colloids

Size scale

Ti
m

e 
sc

al
e

       
      Multi-unit

 Continuum

       Mesoscale

Atomic/molecular

Which of these systems are of most interest to you?

Presenter Notes
Presentation Notes
13:56[Think-pair-share on this question]I will focus more on systems where I have expertise, especially on batteries.
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Linear and nonlinear 
phenomena

LESSON PLAN
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Porous electrode battery models

1. Introductions
2. Fundamentals of modeling
3. Particle-based models

Presenter Notes
Presentation Notes
One more topic before we get to the break… I will discuss a few particle-based models that were some of the early ones I did, as a PhD student and professor. They are on smaller length scales.
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3. PARTICLE-BASED MODELS
A. MOLECULAR DYNAMICS SIMULATIONS OF THE 
ELECTROCHEMICAL DOUBLE LAYER

Guymon et al., Cond. Matt. Phys. 8, 335-356 (2005).
Guymon et al. J. Chem. Phys. 128, 044717 (2008)

i

i
i m

Fr =

Solve

12

Presenter Notes
Presentation Notes
14:02Basics of MD: solve Newton’s EOM for 5000+ molecules/ions. You throw the particles in a box and see what happens. Because you know all positions, velocities, and forces, you can determine a lot of properties. Periodic boundaries are used in all 3 dimensions to get a small system to better represent a much larger system.The charges on the copper are allowed to fluctuate. This MD model is also unique because it allowed us to control potential difference between electrodes, so we can get simulated working electrode to be at same potential as experiment
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PURE WATER ON FLAT ELECTRODES: 
POTENTIAL AND DENSITY PROFILES
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Presenter Notes
Presentation Notes
Hydrogen curve is divided by two so that it scales the same as the oxygen curveNote that oxygens absorb closer than hydrogens of water
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WATER LAYERS ON CU(111)

neutral surface

1st Layer

2nd Layer

14

Presenter Notes
Presentation Notes
“flat ice” superlattice on top of Cu(111)
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FLAT ELECTRODE

Cl-Na+
15

Presenter Notes
Presentation Notes
Now we see ions absorbed on Cu(111) –waters are not shown. The charges on the Cu are indicated by their color (red is positive and blue is negative). Again the negative ions (chloride) absorb more closely to the surface.
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ION DENSITY PROFILES FOR SYMMETRIC SYSTEM
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Presenter Notes
Presentation Notes
Potential and density profiles are definitely different than Debye-Huckel theory!
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FLAT ELECTRODES, ∆V=3.6V
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Presenter Notes
Presentation Notes
Copper electrode is on the far left and right (it is split in half)
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STEPPED ELECTRODE
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SAWTOOTH ELECTRODE
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Presenter Notes
Presentation Notes
Copper atoms of lower coordination tend to have a positive charge which strongly attracts the chloride ions.
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3. PARTICLE-BASED MODELS
B. MOLECULAR DYNAMICS SIMULATIONS OF 
DIFFUSION PROCESSES IN ELECTROLYTE

20

Wheeler and Newman, J. Phys. Chem. B 108, 18362-18367 (2004).
Wheeler and Newman, J. Phys. Chem. B 108, 18353-18361 (2004).
Newman at al., J. Power Sources 119, 838-843 (2003).

• You compute all positions, velocities, and forces 
for a few thousand molecules/ions

• Can get multiple thermodynamic and transport 
properties from one simulation, if you have the 
right algorithms

• Forcefield must be accurate if want to match to 
experiment

Fij
i j

Presenter Notes
Presentation Notes
14:10These papers were based on my PhD dissertation.
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1M LiPF6 in PC

Li+

PF6
-

PC

21Watch the dynamics of the solvent and ions in 
this equilibrium simulation

Presenter Notes
Presentation Notes
[Show the movie]What to look for:  PBC (anomalies, fading), fadeout of PC solvent halfway
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Macroscopic Framework:
Concentrated Solution Theory

n(n-1)/2 independent transport coefficients for an      
isothermal n-component system.

Three equivalent ways to represent mass transport 
coefficients.

−+−+ DDD 00
000

−+−−++ LLL 0
+tsalt κD

e.g. for a binary salt (+ -) in solvent (0):

22

Presenter Notes
Presentation Notes
This is explained in John Newman’s book Electrochemical Systems
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Nonequilibrium MD allows simultaneous 
Orthogonal ‘Experiments’

One simulation can resolve up to 6 pairwise diffusion 
coefficients (n = 4).

Body forces 
placed on 
particular 
speces

23
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Presenter Notes
Presentation Notes
On this and following slides I show a series of results from MD simulations of electrolytes to see how well the MD model works. Remember, the results are only as good as the forcefield which describes atomic interactions in a simplified way. Getting MD results to be quantitatively correct for multiple properties is very very hard to do. (remember, the model is “wrong”) Viscosity shows a 50-fold increase in visc. In going from 0 to 2.5M (note log scale)
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Dielectric Constant: LiPF6 in EC
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Presenter Notes
Presentation Notes
The pure-component dielectric constant is about 90, so the model is overpredicting this property.  Dielectric constant is a function of solvent dipole moments and rotational mobility of solvent, i.e. how easily can the solvent respond to an external field.  It is closely tied with the ability to solvate ions.  This plot shows that as ions are added, the dielectric constant decreases.  The solution becomes more rigid or structured.  In fact, for these solutions, the viscosity increases exponentially with concentration.  The simulations agree with experiment on this point.
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				molal		visc		mass dens		EMD dens		mol frac		NEMD dens		theta		Lpp		Lpm		Lmm		Ds		tp		sim		"(1-t+)/D		mu0		mup		mun		eps
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Electrical Conductivity
 LiPF6 in EC
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Presenter Notes
Presentation Notes
Model is overpredicting conductivity for this forcefield.
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Cation Transference Number
 LiPF6 in EC

experimental  t+0 ≈ 0.41
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Pretty good match to expeirment
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Salt Diffusion Coefficient: LiPF6 in EC
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Presentation Notes
Has the correct semiquantitative trend as experiment (not shown)
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3. PARTICLE-BASED MODELS
C. SIMULATING MICROSTRUCTURE DURING ELECTRODE 
MANUFACTURING

29

• Forouzan et al., J Power 
Sources 312, 172 (2016) 

• Nikpour et al. J Electrochem 
Soc, 168, 060547 (2021)

• Nikpour et al. J Electrochem 
Soc, 168, 120518 (2021)

• Nikpour et al., Batteries, 8, 107 
(2022)

Mixing Coating

Drying Calendering

Diagram from w3.siemens.com

Presenter Notes
Presentation Notes
14:15We did a series of papers where we used mesoscale particle models to describe the steps of battery electrode manufacturing so we could better understand heterogeneities that develop in the electrode structure. They got increasingly sophisticated over time.
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DISCRETE ELEMENT METHOD (DEM) MODEL OF 
DRYING PROCESS 

Toda NMC523 cathode

Domain SEM/FIB Sim

Active 0.443 0.402

CBD 0.367 0.376

Macropore 0.190 0.222

Volume Fractions of Active Film

Liquid 
simulation

Dried film 
simulation

Experimental
dried film

Blue = active matl

Green = CBD, 
solvent

 = macropore

30Forouzan et al., J Power Sources 312, 172 (2016)

Presenter Notes
Presentation Notes
Here the particles are mesoscale (1-5 um) and represent active material particles or blobs of carbon/binder or solvent. The match between model and experimental final structure is pretty good.[show the movie]
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FILM COATING SIMULATIONS

31

Presenter Notes
Presentation Notes
[Show the movie.]
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FILM DRYING SIMULATIONS WITH 3 PARTICLE TYPES
 

32

Carbon Particle

Solvent Particle

Active Particle

Presenter Notes
Presentation Notes
[Show the movie]
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FILM CALENDERING SIMULATIONS

33

Carbon Particle

Active Particle

Presenter Notes
Presentation Notes
[Show the movie]
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WE WILL START AGAIN AT 14:35

34

Presenter Notes
Presentation Notes
14:20
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Linear and nonlinear phenomena
4. Linear equivalent-circuit models
5. Nonlinear phenomena
6. Battery background

LESSON PLAN

35

1. Introductions
2. Fundamentals of modeling
3. Particle-based models

Porous electrode battery models

Presenter Notes
Presentation Notes
14:35Welcome back. Here is the plan for the next 50 minutes.
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SOME RESOURCES

36

Presenter Notes
Presentation Notes
14:35John Newman of UC Berkeley is well-known in the electrochemical modeling community and his book is very detailed in showing the equations needed.Two of his students (Tom Fuller and Alan West) have written books that have the same equations but try to be more approachable. I like Tom Fuller and John Harb’s book as a teaching text.
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4. EQUIVALENT-CIRCUIT MODELS

37

• Electrochemical cell = electrical circuit
• Ions act like electrons, but with differing charge

anode       cathode

I
1  2         3  4

0       5

Numbers 
indicate 
positions in 
electrode or 
electrolyte

Presenter Notes
Presentation Notes
14:37
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4. EQUIVALENT-CIRCUIT MODELS

38

• See if you can rationalize the relative potentials at 
each position

• Is this an electrolytic (needs power) or galvanic 
(battery) cell?

The diff curve subtracts the open circuit potential 
(I=0) from the other curve (I>0) 

Here is the galvanic cell

Presenter Notes
Presentation Notes
14:38Spend some time on this so audience can develop better intuition about potential in electrochemical cells.The potential drops across different regions once the current is turned on are caused by Ohm’s law, DeltaV = IR. When we say this is a linear model, we mean that the current and potential are proportional to each other.The potential in the electrolyte relative to the electrode has an arbitrary offset because we measure potential differently in the two domains (we use a reference electrode in the electrolyte). I placed the electrolyte at a higher potential based on the tendency of negative ions to absorb on metal closer than do positive ions (see MD sims in previous presentation).The diff curve does not depend on this arbitrary offset of electrolyte vs electrodes. Note the difference between the electrolytic and galvanic cells (toggle between them). Which position (5 and 0) is the positive lead and which is the negative? Also note the diff curve is the same in either case and reflects the losses from internal resistance.
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4. EQUIVALENT-CIRCUIT MODELS

39

• The system can be described as a voltage source 
and a series of resistors

• Which resistors are least/most significant?

*with parallel capacitors

*

Presenter Notes
Presentation Notes
14:43In our effective circuit, we lump the two electrolyte-electrode OCP potential differences into one voltage source. Then we show all the potential drops as resistors.The resistors across the metal electrodes are probably not significant.In the second case we add parallel capacitors (or if needed, constant phase elements). Why? To describe the electrochemical double layer. The resistors describe Faradaic reaction.
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4. EQUIVALENT-CIRCUIT MODELS
EIS

40

• Electrochemical 
Impedance Spectroscopy 
(EIS) = AC signal across 
cell

• Randles cell model

• 𝑍𝑍 = 𝑅𝑅1 + 1
1
𝑅𝑅2
+𝑗𝑗𝑗𝑗𝑗𝑗

  is 

impedance, a complex 
resistance Lazanas, ACS Meas Sci Au 2023 3, 162.

doi.org/10.5796/electrochemistry.22-66071

Presenter Notes
Presentation Notes
14:48Randles cell is often used to describe the interface between electrode and electrolyteResistor = Faradaic reactionCapacitor = Ionic double layerDemystify complex impedance and imaginary numbers. We need a mathematically convenient way to store two pieces of information: the proportionality between current and potential, and the time offset that occurs for capacitance or inductance. This is why we use complex numbers. Capacitances are common in electrochemical systems. Inductances are not, unless the wiring leading to your electrochemical cell is messed up.
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• Nyquist plot is often used to describe response of 
the system to an EIS test with multiple frequencies 
(around 1 mHz to 1MHz)

• Equivalent circuits can get a lot more complicated 
to describe more complicated conditions or results

4. EQUIVALENT-CIRCUIT MODELS
EIS

41

Presenter Notes
Presentation Notes
14:51There are many online and in-print tutorials on EIS and equivalent circuits. Time to get started!For example of complicated EC or TLM model seehttps://doi.org/10.1016/j.jelechem.2020.114622On the next few slides I show an example of an EC model we developed to describe experiments we did.
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EQUIVALENT CIRCUIT EXAMPLE: BLOCKING ELECTROLYTE 
METHOD FOR MEASURING ELECTRODE TORTUOSITY 

Pouraghajan et al., J Electrochem Soc 165, A2644 (2018).
Pouraghajan et al., J Power Sources 492, 229636 (2021)
Liu et al., J Electrochem Soc 169, 010517 (2022)

 

Electronic path

Ionic path

• A blocking electrolyte (no 
Li+) stops the faradaic 
reaction 

• For porous electrodes, 
the EC has two or more 
“rails” like this and is 
called a transmission 
line model (TLM)

42

Presenter Notes
Presentation Notes
14:53Example of using an equivalent circuit to help interpret a specialized electrochemical experiment.This experiment is to determine effective conductivity in porous electrodes. It involves using a blocking electrolyte that does not contain lithium ions. It effectively shuts down the Faradaic reaction (R = infinity) leaving just the capacitance between electrode and electrolyte. This takes the reaction out of the picture so we can focus on the transport of ions through the pores. Tortuosity is a measure of this transport.
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BLOCKING ELECTROLYTE METHOD
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Presenter Notes
Presentation Notes
14:55The Nyquist plot shows what should happen in the experiment as we vary frequency. 
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BLOCKING-ELECTROLYTE CHALLENGES
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Nyquist impedance plot of blocking electrolyte method for cycled anode.
44

Presenter Notes
Presentation Notes
14:56In the real world, the Nyquist plot doesn’t always do what we expect!
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BLOCKING-ELECTROLYTE CHALLENGES
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Use of orthogonal experiments to get more info

Presenter Notes
Presentation Notes
14:57We designed “orthogonal” experiments to try to tease out the different parts of the physics that govern this system. Otherwise it would be too hard to regress all the unknown parameters in the model from one experiment.These are all similar cathodes, just testing using 3 different ways of blocking electrolyte method. Tortuosity values come from model fit. The tortuosities don’t completely match—welcome to the real world!
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4. EQUIVALENT-CIRCUIT MODELS
SUMMARY

46

• ECs and TLMs are intuitive and linear models
• They work for stationary situations (either DC or AC 

after transients have died down)
• They work when cell currents/overpotentials are 

low
• EIS spectra are easy to measure; interpretation can 

be quite difficult in real-world cases (e.g. porous 
electrodes) with many circuit elements

Presenter Notes
Presentation Notes
14:58EC means using an electrical circuit composed of combinations of resistors and other circuit elements. The term TLM comes from electrical engineering and is a type of EC where multiple identical elements are put in series to form two or more rails. It is used to describe porous electrodes.Linear means the current and potential are proportional to each other, so that the impedance does not depend on the current. This only works when current is low.
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5. NONLINEAR PHENOMENA IN 
ELECTROCHEMICAL SYSTEMS

47

What are some phenomena in electrochemistry that 
are nonlinear (and would be included in a model)?
• Nernst Equation (effect of concentrations on OCP)
• Butler-Volmer Kinetics
• Concentration overpotential and transient diffusion 

of ions

• Others?

Presenter Notes
Presentation Notes
15:00[think-pair-share on the question]Nonlinear means that input and output are not proportional. For instance if I double the voltage the current is not doubled.All three of these phenomena are well-discussed and derived in textbooks (like the ones I showed earlier) so we won’t do it here. For instance, the derivation of the Butler-Volmer equation from basic principles of chemical kinetics is a classic derivation in the field of electrochemistry.Spend some time talking about the equations for these 3 phenomena. Exactly how are these equations nonlinear? (they tend to have exponentials or logarithms) Nonlinear equations tend to lead to complexity, especially when coupled together, and will need to be solved by computer. Linear models, like the TLM we used earlier, are easier to compute and may have analytic solutions. Just remember that linear models are simplifications of the more general nonlinear equations. When is this linearization justified? (when the perturbation, i.e. current and overpotential, are small).
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6. BATTERY BACKGROUND

2024 science fair 
battery

1799 
Alessandro 
Volta 

Image sources: David Ames Wells, GuidoB/Wikipedia

1786 Luigi Galvani 

48

Presenter Notes
Presentation Notes
15:10This background on batteries is to help the audience appreciate the problems that modeling can help solve, as the third presentation (next hour) deals with models for porous electrodes in batteries.Here we give a highly condensed history of batteries... All three batteries shown operate on the same principle: dissimilar metals placed in contact with a material that can conduct ions.
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HOW TO MAKE BATTERIES WORK BETTER?
• Change the electrode chemistry
• Change the electrode geometry

+−

49

Image source: 
electronicdesign.com

Presenter Notes
Presentation Notes
15:12If we want the potato battery to power more than a clock, it needs to provide higher current. How do this?It’s about increasing ion transport and rate of surface reaction. Changing the chemistry is finding electrochemical couples that generate a higher voltage and have higher capacity than copper-zinc. We’ll talk about those chemistries in the next few slides.Changing electrode geometry is to increase ion transfer between the electrodes and the rate of chemical reaction. To increase ion transfer we need to shorten the distance and widen the path. To speed up electrochemical surface reactions we need much more surface area. To make high-surface-area electrodes we use thin sheets of metal with lots of small particles attached to them (the smaller the particles the more surface area we get). Then we roll the sheet-electrodes up with a separator between them and place them in a battery pouch or metal can.
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KINDS OF RECHARGEABLE BATTERIES

o Lead acid (invented 1859) – $100/kWh

o Nickel cadmium, Ni metal hydride – $300/kWh

o Lithium-ion (commercialized 1990, light, long-lasting) 
– $100/kWh

o Other chemistries in development (5-10 years away)

o Warranty is big factor in commercialization Image sources: 
voltaicsystems.com, 
megabatteries.com, 
amazon.com 50

Presenter Notes
Presentation Notes
[skip this slide if time is short]Lead acid is mature technology. Has less cycle life and degrades faster at elevated temperatures. Is actually pretty environmentally friendly because of 100% recycle of lead.Cost of lithium-ion cells has decreased rapidly in recent years. This price is for Tesla Powerwall. Some reports put current large-scale projects at a price closer to $200/kWh. DOE is pushing researchers like me to get the price down to $100/kWh, because then Li-ion will take over the world. It will be challenging, though, because we’ve already reached economies of scale, with billions of batteries being produced every year now.
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ENERGY AND POWER CONNECTED BY 
DISCHARGE TIME (RAGONE PLOE)

One of the key parameters the battery engineer must 
know is charge/discharge time 51

Presenter Notes
Presentation Notes
Ragone plot, commonly used in battery engineering. The diagonal lines show technologies that have similar charge/discharge times.
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WHAT IS A LI-ION BATTERY?

LixC6 (0<x<1) LiyCoO2 (0.4<y<1)

LiyFePO4 (0<y<1)LixC6 (0<x<1)

1990:

1997:

Lithium ions 
intercalate in 
interstitial 
lattice sites or 
alloy with other 
materials

LiyNiaMnbCocO2 (0.4<y<1)LixSi (0<x<3.75)newer:
52
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POROUS ELECTRODE MICROSTRUCTURE

Concept of 
carbon binder 

domain 
(CBD)

SEM/FIB cross section of LCO cathode

Stephenson et al., 
J. Electrochem. Soc. 
158, A781 (2011) 

53

Presenter Notes
Presentation Notes
15:15Spend some time on this explaining porous electrode microstructure and how electrons and ions have to move through this electrode.
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OPTIMIZATION: TRADEOFFS IN ELECTRODE DESIGN

Thin

 Lower transport 
resistances

 Higher mass burden of 
inert materials ( current 
collector + separator )

Thick

 Higher transport 
resistances

 Lower mass burden of 
inert materials ( current 
collector + separator )

54

Presenter Notes
Presentation Notes
[Skip this and following slides if low on time]There are tradeoffs to maximizing specific power and energy at a given rate.This slide is given as an example of questions that can be answered by detailed analysis including a good battery model.



dean_w
heeler@

byu.edu

SAFETY IS AN ISSUE

 Batteries store lots of energy in a small space
 Fire can result because of “thermal runaway”
 Need to reduce heat transfer from one cell to another

Image from slate.com
Image from blog.tmcnet.com
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56

“[device] failure is generally a 
statistical process, where life is 
determined by “hidden” variables 
over which we typically exercise 
little control. In batteries these 
variables could be microscale, 
such as heterogeneities within 
particles; or mesoscale, such as 
variation in local porosity or state 
of charge; or macroscale, such 
as the location in a pouch or cell-
to-cell variation in the time-
temperature history in a pack.”

Harris et al., J. Power Sources 
342 , 589 (2017)

Durability data of from 48 nominally 
identical Panasonic 18650 batteries. 
Baumhöfer et al., J. Power Sources 
247 (2014) 332-338

BATTERY LIFE IS AN ISSUE

Presenter Notes
Presentation Notes
I believe one of the key issues governing battery life is variation in manufacturingAxiomatic that there is considerable variation when you are testing small pouch or coin cells. Variability tends to be washed out when you get to 18650 size.Variability of testing separators
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Paxton et al., J. Power Sources 275, 429 (2015)

EXPERIMENTAL EVIDENCE OF HETEROGENEITY

57

Presenter Notes
Presentation Notes
Variation in the lateral direction of cells is rarely accounted in battery models, but has been shown in multiple studies. Here is one example.Energy dispersive x ray diffractionDuring dischargeAnd some regions are lagging behindLarge length scale
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DELAMINATION OF FILMS FROM CURRENT COLLECTOR 
REVEALS GROWING MECHANICAL  HETEROGENEITY 
DURING CYCLING

Pristine Formed Cycled

Pouraghajan et al., J Power Sources 492, 229636 (2021)

 58

Presenter Notes
Presentation Notes
Another example of lateral variationsCells were cycled to varying degrees and then a post mortem was done. We delaminated the electrode films from their current collectors, to better see the stress/strain effects and damage and heterogeneity that occurred during cycling.Some of the interesting things we learned through delamination:The pristine electrodes tend to remain fairly flat after delaminationFormed electrodes hold up decently well, though you can see here we’ve started to get a little bit of staining and some cracking around the edgesAnd for the cycled cathodes, its fairly common to have rips in the film, small holes and cracked edges
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HETEROGENEITY IN LI-PLATING FOR 
HIGH-RATE CHARGING

Hamedi et al. J Electrochem Soc 169, 020551 (2022)
Liu et al., J Electrochem Soc 169, 010517 (2022)
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Presenter Notes
Presentation Notes
Shown here are some experiments done in my lab showing how when you plate lithium on graphite anodes (an undesirable event that happens when charging fast or at low temperature) it can be highly heterogeneous in the lateral direction.



dean_w
heeler@

byu.eduBREAK TIME

WE WILL START AGAIN AT 15:40
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Presenter Notes
Presentation Notes
15:25
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Linear and nonlinear phenomena
4. Linear transmission-line models
5. Nonlinear phenomena
6. Battery background

LESSON PLAN

61

1. Introductions
2. Fundamentals of modeling
3. Particle-based models

Porous electrode battery models
7. Pseudo-2D (P2D) model
8. Variations to P2D

Presenter Notes
Presentation Notes
15:40Welcome back. Here is the plan for the final 50 minutes. I will focus on porous electrode modeling
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Electrochemical reaction 
requires 3 reactants
Li+ + 𝑒𝑒− + Γ ←→ Li Γ 

Materials are not 
uniformly distributed
• Active material
• Carbon
• Binder
• Pores

e-Li+ CCseparator

POROUS ELECTRODE MICROSTRUCTURE

FIB/SEM cross section

65 µm

Intercalation/ 
solid diffusion

62

Presenter Notes
Presentation Notes
15:41To make a model you need to understand the physics and chemistry of the system. So to make a porous electrode model, you need to understand the microstructure, mass transport, and reaction processes of porous electrodes.We need to get ions, electrons to the surface of active material particles, for reaction to occur. This requires ions move through pores, electrons move through solids (including carbon additive). Also the Li must diffuse from the surface of the active particles to the interior. In the reaction written here Gamma means the host crystal for Li (i.e. active material).You need to understand the concept of a reaction front that can move from one side of electrode to the other if, for instance, electronic conductivity is much higher than ionic conductivity. We react most-accessible particles first, then next-most-accessible, until finally all particles are reacted. That necessarily means that resistance or overpotential in the system will increase in time. 
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Initially developed by John Newman and coworkers:
 Newman and Tiedemann, AIChE J. 21, 25-41 (1975).
 Doyle, Fuller, and Newman, J. Electrochem. Soc., 140,1526 (1993).

7. PSEUDO-2D MODEL 
P2D = 
NEWMAN-TYPE MODEL =
DFN MODEL =
DUAL FOIL MODEL =
MACROHOMOGENEOUS MODEL =
POROUS ELECTRODE THEORY + CONCENTRATED 
SOLUTION THEORY

63

Presenter Notes
Presentation Notes
15:46The P2D model has been around for 31 years. It has had many names, but now is mostly called P2D.
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Homogenize conductivities
Homogenize surface reaction
 Superposition of pathways

P2D MODEL CONCEPTS

Ionic conductivity 
and diffusivity

electronic 
conductivity

Surface area for 
reaction

64

Presenter Notes
Presentation Notes
15:47Pathways and reaction sites are smeared out (homogenized) to make the model easier to compute. It is “wrong” but it might still be useful. P2D is orders of magnitude faster to compute than a full 3D model of the same domain that tries to account for individual particles.
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P2D MODEL CONCEPTS
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Presenter Notes
Presentation Notes
15:50TLM is not used in P2D model, just using this to illustrate the flow of current through electron and ion paths. This idea is that there is a path for electrons, an independent path for ions, and a place for reaction between the two. If the circuit elements here were shrunk to differential size, we would get differential conservation equations. 
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P2D MODEL CONCEPTS

 Solid diffusion in radial direction coupled to 
ionic/electronic transport in x direction (cathode half 
cell shown here) 

Stephenson et al., J Electrochem Soc 154, A1146 (2007)  
66

Presenter Notes
Presentation Notes
15:51This is illustrating how the model domain was implemented in Comsol Multiphysics. The radial direction in the particles is the pseudo-second dimension by which P2D gets its name. The particles are points in the 1D domain, but still have a radial component of solid diffusion.



dean_w
heeler@

byu.edu

𝐢𝐢1 = −𝜎𝜎eff𝛻𝛻𝜙𝜙1

THE FOUNDATIONAL P2D EQUATIONS

 Assume binary electrolyte, no advection
 4 dependent variables: solid potential, electrolyte potential, 

electrolyte concentration, solid concentration

𝛻𝛻 ⋅ 𝐢𝐢1 = −𝐹𝐹𝐹𝐹𝑗𝑗+

𝐢𝐢2 = −𝜅𝜅eff𝛻𝛻𝜙𝜙2 +
2𝜅𝜅eff𝑅𝑅𝑅𝑅

𝐹𝐹
(1 − 𝑡𝑡+0)

1
𝑐𝑐
𝛻𝛻𝑐𝑐𝛻𝛻 ⋅ 𝐢𝐢2 = 𝐹𝐹𝐹𝐹𝑗𝑗+

𝜖𝜖
𝜕𝜕𝑐𝑐
𝜕𝜕𝑡𝑡

= 𝐷𝐷eff𝛻𝛻2𝑐𝑐 +
1 − 𝑡𝑡+0

𝐹𝐹
𝐹𝐹𝐹𝐹𝑗𝑗+

𝜕𝜕𝑐𝑐𝑠𝑠
𝜕𝜕𝑡𝑡

= 𝐷𝐷s𝛻𝛻2𝑐𝑐𝑠𝑠
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Presenter Notes
Presentation Notes
15:55These four PDEs are the main conservation laws that must be solved in the P2D model. Let’s make sure we have a basic understanding of what they do…
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SUMMARY OF PROPERTIES NEEDED FOR 
SIMPLEST P2D MODEL

 Open circuit potential as function of state of charge U(y)
 Ion transport properties κeff, Deff, t+

 Electron transport property σeff

 Solid-state diffusion Ds

 Surface kinetic rate constant ai0
 Thicknesses and porosities of layers 

68

Presenter Notes
Presentation Notes
16:00Each of these properties must be determined experimentally, or at least estimated in some reasonable fashion. Trying to regress all of the properties at the same time by fitting a complex model to battery charge or discharge data is not feasible (due to confounding effects). We need multiple orthogonal experiments.While I love to make computer models, I found that many properties I needed had not been measured with the proper experiments that directly targets that property. Therefore much of my research work in the last few years has been figuring out how to independently measure ionic and electronic conductivities in porous electrodes (these experimental papers get cited more than my modeling papers…). Clever experiments can help, but you nevertheless can’t directly measure conductivities, and so models are needed to interpret the experiments. Being good at modeling is a useful skill for the experimentalist and being a good experimentalist is a useful skill for the modeler…
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IONIC TRANSPORT EXPERIMENTS

 Delaminate electrode film from current collector
 Restricted-diffusion experiment on free-standing film to 

determine effective ionic conductivity and salt diffusivity
   

Li-foil

Se
pa

ra
to

r

Se
pa

ra
to

r

Li-foil
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Presenter Notes
Presentation Notes
16:02This is one example of an experiment to get effective conductivity or tortuosity in an electrode film. 
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POLARIZATION-INTERRUPT EXPERIMENT: P2D MODEL 
USED TO INTERPRET EXPERIMENT

Thorat et al., J. Power Sources 188, 592 (2009). 70

Presenter Notes
Presentation Notes
16:03The tortuosity in the model is adjusted until a slopes of the relaxation part is nearly as that of experimental curve
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CATHODE TORTUOSITY VS. POROSITY 

Thorat et al., J. Power Sources 188, 592 (2009).

Zacharias et al., J. Electrochem. Soc. 160, A306 (2013).

Presenter Notes
Presentation Notes
16:04We repeat the previous process man times to determine tortuosity as a function of other electrode properties like porosity
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OBSERVATION OF 
“DISTRIBUTION OF CONNECTIVITY”

Apparent time-increasing 
resistance at high rate: 
What is happening?

72

Could have
1. High bulk resistance 

(ionic or electronic) to get 
moving reaction front

2. Distribution of particle 
types with varying local 
resistance

Presenter Notes
Presentation Notes
16:04The deviation between model and experiment can drive discovery and is generally more apparent when you go to more complex models (concept related to me by Arnulf Latz at a GRC meeting) i.e. what can we learn from the model’s “wrongness”?Generally, battery models do great at low currents, i.e. close to open circuit when things are linear. To really test a model you need to go to high rates where nonlinearities happen. Here we see that at high rates, common P2D models misrepresent the discharge curve. What the model misses is the exact increase in overpotential with time (gap between measured voltage and OCP). There are multiple candidates for this overpotential and we need to find the right one (or combination) for our model to be accurate when we extrapolate it to new conditions. The concept of “distribution of connectivity” can help explain this. It means some particles are more accessible to reaction and some are less so. They will react in order of connectivity, leading to an increase in resistance or overpotential over time.  But which particles are easy vs. hard to access? Here are two possibilities…
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8. EXTENSIONS TO NEWMAN P2D MODEL
A. MULTIPLE PARTICLE TYPES/SIZES TO PROVIDE 
“DISTRIBUTION OF CONNECTIVITY”

Stephenson et al., J. Electrochem. Soc. 154, A1146 (2007)
Thorat et al., J. Electrochem. Soc. 158, A1185 (2011)

73
Thomas-Alyea, ECS Trans. 16, 155 (2008)
Safari & Delacourt, J. Electrochem. Soc. 158, A63 (2011)

Presenter Notes
Presentation Notes
16:10We extended the Newman model to include multiple active materials, and even multiple particle sizes within each active material.  This requires that the carbon phase be treated separatelyWe also needed expressions for the contact resistance between the superimposed solid phases.  
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MODELING INTERPARTICLE CONTACT 
BETWEEN ACTIVE MATERIAL AND CARBON 
ADDITIVE

θθ

R”cj = R”contact + R”spread

jc

74

Presenter Notes
Presentation Notes
Cartoon showing the carbon coating around the particles and how we derived a contact resistance between different sized particle types.
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PARTICLE SIZES/TYPES IN LFP MODEL

Smoothed curve measured from TEM images on Phostech material
75

Presenter Notes
Presentation Notes
16:12We looked at our particle size distribution and made four particle types 
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LFP MODEL VALIDATION: THIN CELL

34 um thick

76

Presenter Notes
Presentation Notes
 This is the model and experiment comparison for thin cells The y axis represents the potential Vs Li foil , the x axis represents the capacity of the cell The solid curves are the experimental data and the blue dotted curves are model data. You can see observe these wiggles as I explained before the smaller particle due to small resistance discharge first followed by larger particles. This what is happening here. These wiggles can be smoothed out if we use more number of particle . However that take additional computational time Considering the  fact that it is difficult to get a good agreement between experiment and model at different rates, this is fairly good agreement between model and experiments at different C-rates. Few people just match curves at very low rates where the transport resistances are negligible and they have difficulty in matching high rate. One thing you might have noticed, prominently at 5C, the step changes. As I mentioned earlier in the talk, smaller particles have lower over potential and discharges first then followed by larger particles. This is exactly what is happening here. The smaller particles discharge first then followed by larger particles
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LFP MODEL VALIDATION: MEDIUM CELL

57 um thick

77

Presenter Notes
Presentation Notes
 With the same set of parameters that I used for thin electrodes, this is model experiment comparison for thick electrode. The thickness of the electrode is 57um  and the loading is around 1.4 You can see, we were able to get a good agreement between experiment and model results at different c-rates. This suggests that our model captured resistance that depend upon thicknesses.
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LFP MODEL VALIDATION: THICK CELL

66 um thick

78

Presenter Notes
Presentation Notes
 This still thicker electrode----As you can see model curves are matching the experimental data every well. As far as I know no one has able to match the model and experimental data that well over the range experiment we did in this work If you compare the results for 5C, for thin and thick electrode, the is considerable underutilization and change in the slope of the curves. So we wanted to know what is causing this underutilization of electrode. That leads to next section of this work. 
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C/20

1C

2C
5C

Thick LiCoO2 electrode

MODEL VALIDATION FOR LICOO2 ELECTRODE

79

Presenter Notes
Presentation Notes
This slide compares the model and experiment for discharge of a thick LiCoO2 cathode.  The cathode was not designed for high-rate performance, but rather to deliberately test the ability of the model to capture transport limitations in solid-phase and liquid-phase transport.  The plateaus shown in the model results are due to the model having discrete particle sizes (rather than a continuous distribution of particle sizes).  The model uses physically meaningful transport and kinetic parameters.  This serves as a test of the interparticle (electronic) and pore (ionic) submodels.
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MANY ELECTRODE MATERIALS INVOLVE 
PHASE CHANGE

LixFePO4 half cell 80

Presenter Notes
Presentation Notes
16:15LiFePO4 Half-cell potential vs. composition or state of chargePhase-change has advantageous (flat) voltage profile
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8. P2D MODEL EXTENSIONS
B. TWO-PHASE MODEL

Srinivasan and Newman, J. Electrochem. Soc. 151, A1517 (2004)
Thorat et al., J. Electrochem. Soc., 158, A1185 (2011)
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Presenter Notes
Presentation Notes
This is a schematic of a shrinking-core model Here, the y-axis represents the potential of the cell and x-axis represents the lithium fraction in LiFePO4 particles At the fully charged stated, the particles is composed of single phase shown by red area.  As the discharge process starts lithium ions starts diffusing in the material and then the shell of another phase is formed With further discharging, the core shrinks towards center and at the end of discharge the core is gone.
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MICROSTRUCTURES CORRELATE WITH ELECTRONIC 

IMPEDANCE HETEROGENEITY IN CATHODE FILMS

82

NMC cathodes were tested electronically and 
subsequently imaged using scanning electron 
microscopy (SEM) with focused ion beam 
milling (FIB). Areas with measured high and 
low conductivity show a significant difference 
in microstructure.

Presenter Notes
Presentation Notes
16:16Another phenomena that is often neglected in battery models: lateral variation in electrode properties. Here we identified regions with high/med/low conductivities. This suggests we could make a model to capture this…



dean_w
heeler@

byu.edu

VIDEO COMPARISON OF HIGH- AND LOW-
IMPEDANCE REGIONS – NMC 523

High ImpedanceLow Impedance

83

Presenter Notes
Presentation Notes
[show videos -- skip if short on time]
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8. P2D MODEL EXTENSIONS
C. PARALLEL P2D MODELS TO DESCRIBE MISMATCH 
BETWEEN ELECTRODE REGIONS DUE TO 
HETEROGENEITIES

84
Forouzan et al., J Electrochem Soc 165, A2127 (2018).
Hamedi et al., J Electrochem Soc 169, 020551 (2022).

Presenter Notes
Presentation Notes
16:18We made three different P2D models (one each for high/med/low impedance) and linked them together (through the current collectors). This is to simulate lateral heterogeneity in an efficient way. At this point in model complexity, why not just make a full 3D model? While it is tempting to “brute force” an answer in this way, it would be virtually impossible with current computing power. Current 3D electrode models can only simulate a volume that is about 50um x 50um x 50um. And even that is quite expensive. To do this kind of lateral inhomogeneity requires mm to cm resolution. In general terms, it is very difficult to simulate a system with widely disparate length scales. 
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DIVIDE ELECTRODES INTO SEPARATE 
HOT/MIDDLE/COLD REGIONS

85

NM  stands for MacMullin Number, and εf  is volume fraction of the filler (carbon additives and binder). 

 Cold spot middle spot Hot spot 
Negative electrode 43, 111 ε𝑁𝑁   0.37 0.35 0.33 

ε𝑓𝑓  0.01 0.03 0.05 
τ𝑁𝑁 2 5 8 

  𝑁𝑁𝑀𝑀 5.4 14.3 24.2 
Positive electrode 59, 111   ε𝑃𝑃 0.37 0.35 0.33 

ε𝑓𝑓  0.01 0.03 0.05 
 τ𝑃𝑃 1.5 3 4.5 

   𝑁𝑁𝑀𝑀 4.1 8.6 13.6 
 

Presenter Notes
Presentation Notes
16:19Each of our three regions (with its own P2D model) has distinct input properties.
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Presenter Notes
Presentation Notes
16:20It is not intended to go in detail over all the model results, but I want to point out how the three regions (the 3 curves on each plot) show distinct results in terms of temperature, currents, state of charge, and voltage.
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Li can plate 
when 
overpotential 
negative

Plating occurs 
for growing 
regions in 
anode, 
beginning next 
to separator

Presenter Notes
Presentation Notes
16:21We also extended the 3-region model to look at plating of lithium on the graphite anode. Such plating has a big effect on degradation of the cell.
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On full lithiation, active material has 
275% volume change (2% for LCO ad 
12% for graphite)

This plot 
shows large 
measured 
strains also 
of film

Hamedi et al, manuscript in preparation

Presenter Notes
Presentation Notes
16:22In my final two slides I want to show one last model variation that we are still working on. It is to describe the effects of the volume change in silicon active material.Here is experimental data showing the large degree of strain or thickness change in Si-based electrodes as a function of the active particle volume change. The volume change and thickness changes can be quite high. No traditional P2D model can handle this. One of the biggest issues is plastic deformation in the electrode film, which necessarily must occur with such large particle volume changes.
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8. P2D MODEL 
EXTENSIONS
D. STRESS AND 
STRAIN FOR SILICON-
BASED ELECTRODES

Hamedi et al, manuscript in preparation

Presenter Notes
Presentation Notes
16:25Here are some results form our mechanical model, showing how simple compression of the film (sig x) and lithiation of the active material (s) affect porosity, film thickness, and lateral (in-plane) stress. In the case of lithiation, there is a pronounced hysteresis in the properties due to plastic strain. There is pretty good experimental evidence backing up these results, which will be part of a forthcoming paper that is nearly ready for submission.
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Presenter Notes
Presentation Notes
16:30Questions?
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