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Battery microstructure-scale electrochemical model

• (top left): boundary locations and domains visualized on a full-cell microstructure mesh 
(current collectors are not represented).

• (top right): Boundary conditions at the interfaces
• (bottom right): Conservation and flux equations in the volumes
Volumes and interfaces are noted, respectively, 𝛺𝛺∗ and 𝛤𝛤∗ with the subscript * being the material or 
interface domain (a = anode, c = cathode, e = electrolyte, sep = separator).
Superscript micro indicates the electrolyte diffusivity and conductivity coefficients are homogenized from 
nanoscale. Superscript nano for the electrolyte porosity term correspond to the porosity of the 
homogenized phase. 

Microstructure geometries

(Numerically generated) Solid concentration snapshot at 60s for a 6C charge for 
the 4 graphite geometries

(X-ray Computed Tomography) Concentration solution fields of XCEL round 2 cell 
(NMC532/Gr) during 6C charge (34M Degrees of freedom).

Microstructure meshing (Iso2mesh, Q. Fang, 2009) and virtual microstructure generation 
performed with NREL open-source microstructure analysis toolbox (MATBOX)
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Heterogeneity quantification In-plane heterogeneity sources

Lithium-plating in-plane heterogeneity and 
correlation with microstructure
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Variable C-rate 
• Increasing in-plane 

heterogeneity
• Dynamic through-

plane intercalation 
rate profile, with a 
propagation front 
from the anode-
separator interface 
to the back of the 
electrode 

Std(Ce): up to 100 mol.m-3 
at the separator interface 
and up to ~200 mol.m-3 
(~16% of at rest Ce) at the 
current collector interface. 
Separator significantly 
suppresses the in-plane 
heterogeneity electrolyte 
concentration 

Std(Cs): up to 6-7 kmol.m-3 
in both electrodes at fast 
charge, near the separator 
interface for the anode, and 
in large part of the electrode 
volume for the cathode

Std(j): >100% for the 
anode near the separator 
interface.
In-plane heterogeneity 
propagation front within 
the anode, from the 
separator interface to the 
back of the electrode.
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Non-uniform material utilization is detrimental to 
battery life and can cause earlier degradations 
(e.g., Lithium plating)
• Effective microstructure parameters, tortuosity factor and 

particle size/specific surface area, control through-plane 
heterogeneities and average onset of lithium plating (when).

• Non-uniform curvature, that is particle size distribution 
(between particle heterogeneity) and surface roughness (within 
particle heterogeneity), initiates in-plane/local heterogeneities 
and controls local onset of lithium plating (where).

• An OCP-induced mechanism regulates state of charge in-
plane heterogeneity and prevents a snowball effect. 

• Proposed dual (uniformity and porosity) gradation anode 
design to reduce, respectively, source of in-plane 
heterogeneity and source of through-plane heterogeneity.

6C lithiation of a numerically generated single graphite spherical particle of diameter 
10 µm with submicron surface roughness. Images show calculated results after a 

volume-averaged SOC increase of 0.05 from different starting SOC.
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6C lithiation of a numerically generated half-
cell graphite with bimodal spherical particle 

(without surface roughness). 

Potential for lithium plating at the anode-separator interfaceϕs − ϕe
The higher the C-rate, the 
higher the plating 
heterogeneity

Read as follow: curvature in-plane heterogeneity induces active material concentration in-plane heterogeneity

Model predicts non-uniform lithium plating even for 
small regions (154 x 144 µm2). It takes ~32s @4C to 

reach the plating condition witthin the full interface.

@4C

Interface-bulk distance
(~ particle diameter), and 
not specific surface area, 

controls the plating 
onset (with tortuosity)

In
-p

la
ne

In-plane standard 
deviation 

0 20 40 60 80 100 120 140 160
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

C
e (

km
ol

.m
-3

)


