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Outline

• Background: achieving fast charging 
• Impact of active material and carbon-black/binder 

domain (CBD) on tortuosity
• What is the optimal CBD loading ?
• Experimental and macroscale P2D modeling results

on low and high CBD content cells



3

Achieving fast charging

𝐶𝐶𝑒𝑒

Post-mortem 
observation reveals 

material degradation 
due to over-utilization 

of the electrode at 
the electrode front

Photo: Eric Dufek and Tanvir 
Tanim, INL

~25 mm

Deposition of lithium at the particle 
surface (Lithium plating) → capacity lossMaterial overutilization

Electrolyte mass conservation
𝜕𝜕𝜺𝜺𝒆𝒆𝐶𝐶𝑒𝑒
𝜕𝜕𝜕𝜕 =

𝜕𝜕
𝜕𝜕𝜕𝜕 𝑫𝑫𝑒𝑒𝑒𝑒𝑒𝑒 𝜕𝜕𝐶𝐶𝑒𝑒

𝜕𝜕𝜕𝜕 +
1 − 𝜕𝜕+0

𝐹𝐹 𝑗𝑗𝐿𝐿𝐿𝐿

Predicted by macro-scale 
model, and linked to 

microstructure parameters

A. M. Colclasure et al, JES, 166 8 A1412-A1424 (2019)

𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒

𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
=
𝜀𝜀𝑒𝑒
𝜏𝜏

F. Usseglio-Viretta et al, ECS trans., 77 11 1095-1118 (2017)
A. M. Colclasure et al, Electrochimica Acta 337 (2020)

• Strong incentive to reduce tortuosity 
factor to enable fast charging 

without degradation.
• Although, it is one option among 

others.
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Impact of active material and carbon-black binder (CBD) on tortuosity

F. Usseglio-Viretta et al., Resolving the Discrepancy in Tortuosity Factor Estimation for Li-Ion Battery Electrodes through 
Micro-Macro Modeling and Experiment, J. Electrochem. Soc, 2018

Cells from Cell Analysis, 
Modeling and 
Prototyping (CAMP) 
facility at Argonne 
National Laboratory
NMC532 (90/5/5)
Graphite (92/2/6)

Additives (carbon black, binder) induce a topology 
change resulting in an increment of the Bruggeman 

exponent.

Graphite

Transport penalty for a loading increase is 
higher for CBD than for active material.

NMC



5

CBD nanostructure and model representation

S. R. Daemi et al., ACS Appl. 
Energy Mater. 2018, 1, 8, 3702–

3710

Zielke et al., Adv. Energy 
Mater. 2015, 5, 1401612

CBD nanopores range from 5 to 150 nm

Our approach: X-ray CT large field of 
view with CBD numerically generated 

(heterogeneous distribution)

CBD voxel is homogenized (nanoporosity 
and effective electrolyte diffusivity) 
through reverse homogenization.

 𝑝𝑝𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 is fitted until known macroscale electrolyte 
diffusivity is reached using microstructure

F. Usseglio-Viretta et al., Carbon-binder weight loading optimization for 
improved lithium-ion battery rate capability, J. Electrochem. Soc, 2022

LiCoO2

NMC
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Heterogeneous CBD distribution

Cell manufacturing (ANL), 
X-ray CT imaging (UCL), 
then segmentation, particle 
identification, and 
separation (NREL)

Particles are connected 
through CBD in gaps 

between them 

S. R. Daemi et al., ACS Appl. 
Energy Mater. 2018

F. Usseglio-Viretta et al., Carbon-binder weight loading optimization for improved lithium-ion battery rate capability, J. Electrochem. Soc, 2022
F. Usseglio-Viretta et al., MATBOX: An Open-source Microstructure Analysis Toolbox for microstructure generation, segmentation, characterization, visualization, correlation, and meshing, SoftwareX, 2022

F. Usseglio-Viretta et al., Quantitative Relationships Between Pore Tortuosity, Pore Topology, and Solid Particle Morphology Using a Novel Discrete Particle Size Algorithm, J. Electrochem. Soc, 2020

NMC

Open-source code 
with user-friendly GUI
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Different connectivities

F. Usseglio-Viretta et al., Carbon-binder weight loading optimization for improved 
lithium-ion battery rate capability, J. Electrochem. Soc, 2022

• We know now how to 
represent/generate CBD.
• How to quantify it?

Early classification of connectivity 
provided by Joos et al., JPS, 246 

(2014): connected, unknown and 
isolated clusters

Proposed subclassification (I-IV) 
for the connected clusters to 

discriminate between different 
effective conductivities

Electronic conductivity of 
(Left) NMC at different 

lithiation state, Amin et al., 
JES 2016 and (right) CBD 

for different volume strain, 
Trembacki et al., JES, 2017 

NMC532 at 30◦C: ~1e-2 to 1e-6 S.cm-1 for 
x=0.75 and 0.0

CBD: 0.02 to 0.3 S.cm-1 (0.15 
S.cm-1 used in this work)

Desired 
connectivity

𝑲𝑲𝒆𝒆𝒆𝒆𝒆𝒆
𝒔𝒔𝒆𝒆𝒔𝒔𝒔𝒔𝒆𝒆𝒔𝒔 =

∑𝒘𝒘𝒔𝒔

∑𝒘𝒘𝒔𝒔
𝑲𝑲𝒔𝒔

To avoid



8

Percolation threshold… (NMC)

F. Usseglio-Viretta et al., Carbon-binder weight loading optimization for improved lithium-ion battery rate capability, J. Electrochem. Soc, 2022

Percolation w/o constraint is 
achieved even with very little CBD

Desired connectivity requires 
~3.9-5.8vol% (~2.9-4.2wt%) CBD 

Which roughly corresponds to CBD 
percolation if considered alone

Percolation threshold 
calculated for a ‘thin’ 

(600 nm) and a 
‘wide’(1200 nm) 

separation region.

< 1 µm
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… and its impact on effective solid conductivity (NMC)

F. Usseglio-Viretta et al., Carbon-binder weight loading optimization for improved lithium-ion battery rate capability, J. Electrochem. Soc, 2022

High NMC conductivity (Li1-x NMC, x=0.75)
Incremental improvement, uncorrelated with percolation 
threshold, same trend as a rule of mixture
 For active material with high bulk conductivity (NMC at low 

lithiation, graphite), CBD only need to connect all particles 
together, no matter how

Low NMC conductivity (Li1-x NMC, x=0.0, 0.1):
Sharp increase within percolation transition region, then more 
incremental (without a percolating CBD network, the effective 
conductivity is drastically limited by the poor NMC bulk 
conductivity).

Significant change from NMC near-full lithiation        to NMC full 
lithiation        : for low CBD loading, cathode effective conductivity 
at the end of discharge is expected to increase during cycling (due 
to loss of lithium at the anode side, i.e., SEI growth, that will 
prevent full re-lithiation at the cathode side)
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Experimentally investigated cells

NMC532

F. Usseglio-Viretta et al., Carbon-binder weight loading optimization for improved lithium-ion battery rate capability, J. Electrochem. Soc, 2022
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Expected beneficial impact on tortuosity (graphite)

• Experimental confirmation that a better electrolyte effective diffusion coefficient can be achieved 
by lowering the CBD loading, even though the porosity has been decreased

• Diffusion penalty of a CBD element of volume > diffusion penalty of an AM element of volume
• Volume fractions are all not the same

Reduce CBD loading, keep active 
material volume constant

Bruggeman exponent is the most relevant metric for comparison as 3 cases does not have exactly the same 
porosity. All 3 cases agree on a -0.3 to -0.36 decrease.

Reduce CBD loading, increase 
active material volume

F. Usseglio-Viretta et al., Carbon-binder weight loading optimization for improved lithium-ion battery rate capability, J. Electrochem. Soc, 2022
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Rate capability at beginning of life

Experimental voltage profiles for coin cells with the lower (solid lines) 
and higher (dashed lines) CBD contents, charged at various rates

• Higher capacity with larger gains measured for 
fast charging

Coin cells Pouch cells

• Experiments and model 
are in good agreement.

• Model predicts no plating.
• 10 min 6C-CC-CV: SOC 

reached @4.1V cutoff was 
only 37% for cell with high 
CBD loading, and 55% 
with low loading

Lithium plating thermodynamically favorable

F. Usseglio-Viretta et al., Carbon-binder weight loading optimization for improved lithium-ion battery rate capability, J. Electrochem. Soc, 2022
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Performance improvements due to

• Lower impedance (custom-3-electrode cells, EIS)

Lower cathode 
impedance

Performance improvements are 
attributed to the reduced electrode 
tortuosity, cathode film resistance, 

and cathode thickness.

• Lower cell transport 
polarization (SLPC)

• Lower area-
specific 
impedance 
(HPPC)

20% lower for the 
low CBD (25% 

NMC-CBD 
interface area 

reduction)

F. Usseglio-Viretta et al., Carbon-binder weight loading optimization for improved lithium-ion battery rate capability, J. Electrochem. Soc, 2022

No more plateau 
(Li-plating marker)
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Conclusions

• CBD impacts negatively effective diffusion, more than active material for the same volume
o Rebalancing loading between active material and CBD can improve effective diffusivity even with a lower porosity
o Anode: 8wt% - 4wt% CBD → Bruggeman exponent reduction ~2.5 to ~2.1
o Cathode: 10wt% - 4wt% CBD → Bruggeman exponent reduction ~2.0 to ~1.8

• High CBD loading are not required to achieve desired percolation (cathode: ~3.9-5.8vol%, ~2.9-4.2wt% CBD loading).

• Impact of CBD loading on solid conductivity:
o 10wt% CBD: 𝑲𝑲𝒆𝒆𝒆𝒆𝒆𝒆

𝑵𝑵𝑵𝑵𝑵𝑵 almost insensitive with NMC lithiation: 0.5e-2 to 1e-2 S.cm-1

o 4wt% CBD: 𝑲𝑲𝒆𝒆𝒆𝒆𝒆𝒆
𝑵𝑵𝑵𝑵𝑵𝑵 dependent with NMC lithiation: low lithiation (0.25): 3.5e-3 S.cm-1, near maximum lithiation (0.9): 3.5e-4 - 

5.5e-4 S.cm-1, full lithiation (1.0): 0.3e-4 – 1.6e-4 S.cm-1

• Higher polarization for high CBD content cells for charging rate >1C. Single layer Pouch cell capacity improvement: 
from 37% (80%) to 55% (86%), respectively for high and low CBD cells at the cutoff voltage (and at the end of the 10 
min 6C CC-CV). Model predicts no lithium plating.

• Low loading increases risk of delamination, especially anode side. Recommendation based on cycling experiment: 
keep 8wt% loading for graphite but reduce to 4wt% for cathode

• Area-specific impedance (electrochemical impedance spectroscopy) 20% lower for low CBD cell, mostly attributed to 
lower cathode impedance. In agreement with hybrid pulse power characterization measurement, and coherent with 
the 25% NMC-CBD interface area reduction.
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Particle separation impact on volume fractions

F. Usseglio-Viretta et al., Carbon-binder weight loading optimization for improved lithium-ion battery rate capability, J. Electrochem. Soc, 2022

Slight shift in volume 
fractions/loading due 
to particle isolation
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Particle identification

F. Usseglio-Viretta et al., MATBOX: An Open-source Microstructure 
Analysis Toolbox for microstructure generation, segmentation, 

characterization, visualization, correlation, and meshing, SoftwareX, 
2022

F. Usseglio-Viretta et al., Quantitative Relationships Between Pore 
Tortuosity, Pore Topology, and Solid Particle Morphology Using a 
Novel Discrete Particle Size Algorithm, J. Electrochem. Soc, 2020

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠( �𝐹𝐹. 𝑒𝑒1) 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠( �𝐹𝐹. 𝑒𝑒2) Particle identification

Almost zero-over-
segmentation 

compared with baseline 
watershed method

Pseudo-Coulomb repulsive field 
(PCRF) method




