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Computational methods and system details

Lithium metal slab structure is created using seven layers of lithium metal exposing the 

lowest surface energy facet (100);1 the bottom two layers of the slab are fixed to resemble 

bulk behavior. The total dimensions of the cell including the lithium metal slab are 10.3 Å 

x 13.8 Å x 33.3 Å. A vacuum layer of ~23 Å added above the Li metal surface in the Z 

direction, provides the space where the electrolyte is located. A fixed helium layer is 

added at 3 Å from the top of the cell, to prevent the interaction of the electrolyte with the 

bottom layers of lithium metal due to the periodic boundary conditions.  The initial 

construction of the cell after the placement of the Li+ and PF6 anion begins with packing 

of the appropriate density of the solution (e.g. DME , DOL  and 
𝜌 = 0.87

𝑔

𝑐𝑚3
𝜌 = 1.06

𝑔

𝑐𝑚3

EC  ). Relaxation of solvent molecules after the packing is achieved by 
= 1.32

𝑔

𝑐𝑚3

minimization done via classical molecular mechanics. The minimization with classical 

mechanics is done using a consistent valence force field (CVFF) 2 as implemented in the 

Materials Studio software. 
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The cells were optimized using the Vienna ab Initio Simulation Package (VASP).3-5 

Electron-ion interactions were described by the projector augmented wave (PAW) 

pseudopotentials6,7 provided in VASP database. The Perdew-Burke-Ernzerhof 

generalized gradient approximation (GGA-PBE) 8 was used as exchange-correlation 

functional. The energy cut-off for the plane-wave basis expansion was chosen to be 400 

eV. A conjugate-gradient algorithm was employed to relax the ions into their 

instantaneous ground state. Gaussian smearing with a width of 0.05 eV was also utilized. 

For the surface Brillouin zone integration, a 2×2×1 Monkhorst-Pack9 k-point mesh was 

used. The convergence criteria for electronic self-consistent iteration and ionic relaxation 

were set to  and  eV, respectively.10 ‒ 4 10 ‒ 3

After the optimization of the cell, thermodynamic integration simulations were carried out 

using the Blue Moon ensemble method as implemented in VASP. This technique allows 

us to study the energy barriers involved in the cation diffusion, desolvation and deposition, 

therefore identify relevant steps during the trajectory. The collective variable (  is defined 𝜉)

as the reaction coordinate that defines the motion of the lithium cation from an initial 

location  towards a defined location  in the lithium metal slab with a small step size of 𝜉1 𝜉2

0.0008 Å every femtosecond. Every step in this trajectory provides a free energy gradient 

(F/), the value of the free energy gradient is obtained by averaging the dynamic 

trajectories over 100 fs, and the free energy F is calculated as a path integral along an 

arbitrary path between  and 10𝜉1 𝜉2:

         (1)

∆𝐹1 ‒ 2 =

𝜉2

∫
𝜉1

(𝛿𝐹
𝛿𝜉)𝑑𝜉
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 Additional information about the method can be found in other references11-13  the c-

AIMD parameters used in this calculation include the use of the canonical NVT ensemble 

at 330K with a time step of 1 femtosecond. The Nose thermostat 14,15 was used to keep 

the temperature constant with a damping parameter set to 0.5. Bader charge analysis 

was performed16,17 to study the charge in different solvent molecules. 

Changes in thermodynamic properties through free energy pathway shown in Table S1 

is obtain using quantum chemistry models and calculations that were performed with  

Gaussian16 18 for the simulations and GaussView6 for visualization of the different models. 

Throughout all the simulations B3PW91 was selected as the hybrid exchange-correlation 

functional. B3PW91 is a popular method and has been used for a wide variety of different 

systems 19-22. As a basis set 6-311++G(d,p) was used to describe the shape of the 

molecular orbitals for the models. Cluster calculations reported in this work use an implicit 

solvent field to approximate liquid phase results. The implicit solvation is implemented via 

the IEFPCM 23,24 within the self-consistent reactive field methodology. The solvent used 

as a model is THF for this method but the dielectric constant were changed to better 

represent the electrolyte (e.g. DME= 7.2). Equations 2, 3 and 4 were used to calculate 

the Gibbs Free Energy of Solvation, Standard Enthalpies and Standard Molar Entropies. 

         (2)
∆𝐺 =  𝐺𝑇𝑜𝑡𝑎𝑙 ‒  𝐺

𝐿𝑖 +
𝑔𝑎𝑠

‒  𝑁 ∗ 𝐺𝐷𝑀𝐸𝑖𝑚𝑝

         (3)
∆𝐻 =  𝐻𝑇𝑜𝑡𝑎𝑙 ‒  𝐻

𝐿𝑖 +
𝑔𝑎𝑠

‒  𝑁 ∗ 𝐻𝐷𝑀𝐸𝑖𝑚𝑝

         (4)𝑇∆𝑆 =  ∆𝐻 ‒ ∆𝐺

GTotal  is the total Gibbs Free Energy of each solvation shell in Table S1 calculated with 

implicit solvation, G Li
+

 gas  is the Gibbs Free Energy of  one lithium cation, N is the number 
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of solvent molecules in the solvation shell and G DME imp  is the  Gibbs Free Energy of one 

DME molecule in implicit solvent. (Note: in Table S1 the G Li
+

 gas  includes the energy of 

the cluster of 5 Li atoms for mark 6 and cluster of 6 Li metal atoms for mark 6*)

Figure S1. Initial structures. a) DME as solvent. b) EC as solvent. c) Initial solvation shell 

formed by 2 molecules of DME. d) Initial solvation shell formed by 3 molecules of EC
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Figure S2. Initial structures. a) DOL as solvent. b) EC with FEC 10 mol% as solvent. c) 

Initial solvation shell formed by 3 molecules of DOL. d) Initial solvation shell formed by 1 

EC and 2 FEC. Color code as Figure S1.

Table S1. Changes in thermodynamic properties through free energy pathway shown in 

Figure 3. Full description of computed Gibbs Free Energy of Solvation, Standard 

Enthalpies and Standard Molar Entropies at 298 K 
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Figure S3. Free-energy profile of lithium cation diffusion and deposition in 1.0 M LiPF6 in 

EC. Marks 1 through 9 highlight important events along the Li+ pathway.
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Figure S4. Solvation shell description found in Figure S3 (marks 1 through 4) of the Li+ in 

EC with 1.0 M LiPF6.



S-8

Figure S5. Solvation shell description found in Figure S3 (marks 5 through 9) of the Li+ in 

EC with 1.0 M LiPF6.
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Figure S6. Free-energy profile of lithium cation diffusion and deposition in 1.0 M LiPF6 in 

DOL. Marks 1 through 12 highlight important events along the Li+ pathway.
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Figure S7. Solvation shell description found in Figure S6 (marks 1 through 8) of the Li+ in 

DOL with 1.0 M LiPF6
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Figure S8. Solvation shell description found in Figure S6 (marks 9 through 12) of the Li+ 

in DOL with 1.0 M LiPF6
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Figure S9. Free-energy profile of lithium cation diffusion and deposition in 1.0 M LiPF6 in 

EC with FEC 10 mol%. Marks 1 through 7 highlight important events along the Li+ 

pathway.
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Figure S10. Solvation shell description found in Figure S9 (marks 1 through 7) of  the Li+ 

in 1.0 M LiPF6 in EC with FEC 10 mol%
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