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Phase Field methods and length scales

At the smallest length scale, explicit treatment of the electrolyte-electrode interface

• Explicit treatment of electrons, anions and 
electrolyte

• Reproduces Gouy-Chapman and Debye-Huckel 
theories

• The differential capacitance, surface charge agree 
with existing theories

• Similar approach for oxides: Sherman, Q. C., and P. W. 
Voorhees. "Phase-field model of oxidation: Equilibrium." Physical Review E 95, 
no. 3 (2017): 032801.

Guyer, Jonathan E., William J. Boettinger, James 
A. Warren, and Geoffrey B. McFadden. "Phase 
field modeling of electrochemistry. I. 
Equilibrium." Physical Review E 69, no. 2 (2004): 
021603.











Phase Field method



J. Zhang, A.F. Chadwick, and  P.W. Voorhees. Journal of The Electrochemical Society 170, no. 12 (2023): 120503.











Interface is no longer stable 



Interface is no longer stable 



J. Zhang, A.F. Chadwick, D.L. Chopp, and P.W. Voorhees. npj Computational Materials 9, no. 1 (2023): 166.

Fast marching method



Driving Force Extension
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Lithium dendrite growth



Dead Lithium Formation

Zhang, Chadwick, Voorhees, Cell Rep Phys Sci (2025) 102360



Dead Lithium Formation



Dead Lithium Formation



Dead Lithium Formation



Dead Lithium Formation



Dead Lithium Formation



Dead Lithium Formation



Dead Lithium Formation

Effect of nonlinear 
perturbations and 
initial shape of the 
interface





Dead Lithium Formation With Anisotropy



Dead Lithium Formation With Anisotropy



Dead Lithium Formation With Anisotropy



Dendrite Suppression by Thermodiffusion

Alexander F. Chadwick, Jin Zhang, Michael W. Swift, David L. Chopp, Michelle D. Johannes, and Peter W. Voorhees, submitted

• Symmetric cells with fixed temperature differences, cell lifetime improves when 
the warmer electrode is charged first.

• Small changes in temperature across a cell, on the order of 1K, can promote or 
suppress dendrite formation (Carter, R.; Love, C. T. ACS Appl. Mater. Inter. 2018, 10, 26328–26334)

• How can such a small change in temperature matter? 
• A 1K difference across a 10 μm thick separator can lead to a temperature 

gradient of 105 K/m.

The effects of  thermal gradients on the mass and 
charge transport in the electrolyte by Soret and 

Seebeck effects



Dendrite Suppression by Thermodiffusion

• Additional fluxes are in included in the phase field model with the driving 
force extension method

• Sharp interface model was used for a linear stability analysis
• Temperature- and concentration-dependent diffusivities were calculated 

with molecular dynamics



Dendrite Suppression by Thermodiffusion

Linear stability analysis

Linear stability analysis

Phase field

Both  the phase-field model and 
linear stability theory predicts that 
thermodiffusion can suppress 
dendrite growth with an applied 
thermal gradient



Dendrite suppression by thermal gradients is most effective during slow charging and least 
effective during fast charging, consistent with experiments



-1
00

 A
/m

2
-5

 A
/m

2

Note: simulations are in a moving reference frame

Chadwick et al., submitted.

• For small currents, 
thermal gradient can 
significantly affect 
dendrite growth
• Lifetime can be extended 

even without complete 
suppression

• Smaller impact for large 
currents

𝐺𝑐 ∝ −𝑗app

Similar deposition hotspots

Weaker hotspots Stronger hotspots

Dendrite Suppression by Thermodiffusion



• General phase field model for electrochemical processes 
• A mapping method to use realistic materials parameters
• Asymmetry of the charge and discharge cycles are key in the dead 

lithium formation process
• Thermal gradients can carry a significant portion of current in a battery 

due to thermodiffusion
• There is a critical value of externally applied thermal gradient that 

suppresses dendrite formation
• The directional dependence between G and the applied current has 

practical implications in battery thermal design

Conclusions
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