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Abstract

Lithium metal is among the most promising anodes for the next generation of batteries 

due to its high theoretical energy density and high capacity. Challenges such as extreme 

reactivity and lithium dendrite formation have kept lithium metal anodes away from 

practical applications. However, the underlying mechanisms of Li ion deposition from the 

electrolyte solution onto the anode surface are still poorly understood due to their inherent 

complexity. In this work, density functional theory calculations and thermodynamic 

integration via constrained molecular dynamics simulations are conducted to study the 

electron and ion transfer between lithium metal slab and the electrolyte in absence of an 

external field. We explore the effect of the solvent chemistry and structure, distance of 

the solvated complex from the surface, anion-cation separation, and concentration of Li-

salts on the deposition of lithium ions from the electrolyte phase onto the surface. 

Ethylene carbonate (EC), 1,2-Dimethoxyethane (DME), 1,3-Dioxolane (DOL), and 

mixtures of them are used as solvents. These species compete with the salt anion and 

the Li cation for electron transfer from the surface. It is found that the structure and 

properties of the solvation shell around the lithium cation has a great influence on the 

ability of the cation to diffuse as well as on its surrounding electron environment. DME 

molecules allow easier motion of the lithium ion compared with EC and DOL molecules. 
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The slow growth approach allows the study of energy barriers for the ion diffusion and 

desolvation during the deposition pathway. This method helps elucidating the underlying 

mechanisms on lithium-ion deposition and provides a better understanding of the early 

stages of Li nucleation. 

Introduction 

Lithium metal is considered the ‘Holy Grail’ anode because of its high theoretical capacity 

(3860 mAh g-1) and negative electrochemical potential (-3.04 V vs standard hydrogen 

electrode).1,2 Lithium metal anodes are crucial for next-generation batteries including 

Lithium-Sulfur and Lithium-air batteries which show high promise for electric vehicles and 

other energy storage applications.3-6 However, key factors like poor cyclability as well as 

the safety issues related to the uneven lithium electrodeposition, dendrite growth, and 

unstable solid electrolyte interphase (SEI) are keeping lithium metal batteries away from 

commercialization.7 

Lithium dendrites damage the battery performance as revealed by the low Coulombic 

efficiency, capacity fading, and catastrophic short-circuit failures, which are some of the 

effects detected upon cycling.8 Uneven dendrite-like growth could crack the SEI exposing 

fresh lithium that reacts with the electrolyte and consumes active material.6 Therefore, 

understanding the lithium deposition mechanisms and their correlation with the interfacial 

chemistries is important for elucidating and eventually preventing dendrite nucleation and 

growth.

Various techniques have been implemented for the study of dendrite nucleation and 

growth. These studies could be divided into two categories: understanding of the 
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morphology and growth of the dendrite and a second one oriented to the development of 

potential suppression strategies. For example, in situ optical microscopy for direct 

observation of lithium dendritic growth,9 synchrotron hard X-ray microtomography has 

been used to image the structures residing on both sides of the lithium metal/electrolyte 

interface and to characterize the morphology of dendrite growth during cycling.10  Several 

efforts have been done to investigate suppression of  the dendrite growth such as the use 

of high concentrated electrolytes,11 and more recently localized high-concentration 

electrolytes12 that achieve high current rate cycling with high Coulombic efficiency without 

dendrite growth  for hundreds of cycles.13  Additives to the electrolyte or the use of porous 

electrode structures that may work as a host of lithium metal are used to improve the 

uniform electrodeposition of lithium.14,15  Other approaches used for dendrite suppression 

include the alteration of operating conditions, which also changes the initial stages of 

nucleation addressed in this study. Recent research has focused on the effect of the 

temperature on dendrite growth.16-18 A homogeneous increase of temperature could 

promote Li-ion diffusion on the electrolyte phase as well as self-diffusion once the ion is 

deposited and reduced.19-21 

Various theories and models have been used to investigate the electrodeposition and 

develop a systematic way to determine the lithium cation deposition mechanisms. 

Theories like the Bartone-Bockris surface-tension model,22 Brownian statistical simulation 

model,23 Chazalviel electromigration limited model24 and interesting growth theories such 

as that proposed by Yamaki and collaborators have been used for this purpose.25 

Although these models have provided additional insights, no agreement or perfect model 

has been found yet. The main difference among these models is on the preferential 
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growth location of the next deposition in the early stage of dendrite formation.26 With 

respect to this point, a recent ab initio-based model showed that the initial nucleation 

would be ruled more by kinetics than by thermodynamics factors and demonstrated the 

basis for inhomogeneous growth.27 Analytical and computational models based on the 

mechanical properties of the dendrite are also proposed for the understanding of the 

dendrite growth.28-30 

In this work, density functional theory (DFT) and ab initio molecular dynamics (AIMD) 

along with constrained molecular dynamics are used to understand the electrodeposition 

of lithium cation on lithium metal anodes. Charge transfer, electron distribution, and 

structural changes are studied in various settings that emulate the early stages of cation 

deposition. Several electrolytes, salt concentrations, solvated complex-surface and 

cation-anion distances are analyzed to gain insights into the effect of these variables on 

ion deposition mechanisms. Constrained molecular dynamics simulations are performed 

using the Blue Moon ensemble 31 to calculate diffusion and deposition pathways and 

barriers. The Blue Moon ensemble method allows evaluating the free energy profile along 

a reaction coordinate direction. The advantage of the technique is that it facilitates the 

detection of one or more barriers that would not likely be crossed in regular molecular 

dynamics simulations.31,32 

Computational and system details

Calculations were performed using the Vienna ab Initio Simulation Package (VASP).33-35 

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

pseudopotentials36,37 provided in VASP database. The Perdew-Burke-Ernzerhof 

generalized gradient approximation (GGA-PBE) 38 was used as exchange-correlation 
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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-Pack39 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

A lithium metal anode slab structure is created using seven layers of lithium metal 

exposing the lowest surface energy facet (100);40 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. 

Lithium ion deposition is studied under different solvents 1,3-Dioxolane (DOL) and 1,2-

Dimethoxyethane (DME), commonly used in Lithium-metal based batteries. For 

comparison, we also use ethylene carbonate (EC), and a 1:1 v/v binary mixture of 

solvents (EC and DME), mostly used in Li-ion batteries.  Schematics of the initial 

configuration of the system can be found in Figure S1 (Supporting Information). 

The electro-neutrality of the cell is maintained through the study. The Li cation of interest 

is part of ionic pair or a salt ( ). These salts are commonly used as part 𝐿𝑖 + 𝑃𝐹 ―
6  𝑜𝑟 𝐿𝑖𝐹𝑆𝐼

of the electrolyte in lithium-based batteries. The density of the solution is calculated by 

first placing the desired concentration of the salt and then packing the free volume with 
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the density of each solvent DME , DOL  and EC                                  (𝜌 = 0.87
𝑔

𝑐𝑚3) (𝜌 = 1.06
𝑔

𝑐𝑚3)

. Further relaxation of solvent molecules is achieved by minimization done (𝜌 = 1.32
𝑔

𝑐𝑚3)

via classical molecular mechanics. The minimization with classical mechanics is done 

using a consistent valence force field (CVFF) 41 as implemented in the Materials Studio 

software. Structures were optimized and subsequent AIMD simulations were performed 

for 2 ps to further relaxing the system. AIMD simulations were carried out in the canonical 

NVT ensemble at 330K with a time step of 1 femtosecond. The Nose thermostat 42,43 was 

used to keep the temperature constant with a damping parameter set to 0.5. 

Bader charge analysis was performed44,45 to study the charge transfer in the system. This 

method calculates the Bader volume of an atom enclosed by zero flux surfaces and 

assigns its total electronic charge. Charge density difference of the system including the 

ion pair and solvent molecules and Li metal slab was calculated using the Equation 1, 

where   is the charge density of the system,  is the charge density for the ionic  𝜌𝑡𝑜𝑡𝑎𝑙 𝜌𝑠𝑎𝑙𝑡 

pair and  is the density of all other components including lithium metal slab, solvent 𝜌𝑜𝑡ℎ𝑒𝑟𝑠

molecules and the helium layer. This charge density difference allowed understanding of 

the charge accumulation or depletion and therefore the effect of the environment that 

surrounds each atom or molecule at a given location, on the electron distribution. 

(1)  𝜌𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =  𝜌𝑡𝑜𝑡𝑎𝑙 ― 𝜌𝑠𝑎𝑙𝑡 ― 𝜌𝑜𝑡ℎ𝑒𝑟𝑠

The thermodynamic integration slow-growth approach was applied to follow the diffusion 

and evaluate the free energy pathway of the cation step by step starting from an initial 

location in the electrolyte phase, until it is desolvated and deposited on the lithium metal 

surface. The thermodynamic integration simulations were carried out using the Blue Moon 

Page 6 of 41Physical Chemistry Chemical Physics



7

ensemble method as implemented in VASP. This technique allows us to study the 

activation barriers involved in the cation deposition and therefore identify relevant steps 

during the trajectory.31 The collective variable (  is defined as the reaction coordinate 𝜉)

that defines the motion of the lithium cation from an initial location  towards a defined 𝜉1

location  in the lithium metal slab with a small step size of 0.0008 Å every femtosecond. 𝜉2

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 𝜉1 𝜉2

31:

         (2)∆𝐹1 ― 2 = ∫𝜉2

𝜉1
(𝛿𝐹

𝛿𝜉)𝑑𝜉

 This AIMD-based thermodynamic integration approach has been used in many different 

fields46-49 and additional information about the method can be found in other 

references.32,50,51 

Results and Discussion 

Cation Deposition Mechanisms: Solvent Effects 

We first studied the effect of the solvent chemistry and structure on the deposition of  Li +

on lithium metal surfaces using DFT optimizations and evaluation of charge transfer. In 

this part of the work, the initial positions for the lithium cation and  anion were kept PF ―
6

the same for all systems. Solvent molecules were added into the free volume of the 

simulation cell on top of the Li metal slab, and minimized by using classical mechanics. 

Figure 1 and Figure 2 show the final DFT optimized structure of the systems that contain 
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DME and EC respectively. The initial structures of each system are displayed in Figure 

S2. Detailed information about number of solvent molecules, lithium atoms and other 

components are reported in Table S1 of Supporting Information. 
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 Figure 1. Snapshot of cation deposition structure with DME as solvent (top), planar average 

electron density difference  curves (middle), and charge density difference diagrams ∆𝜎(𝑧)

(bottom) (isosurface level = 5.0e-4). In the charge density difference distribution diagrams, red 

represents the electron accumulation area, while blue is the electron depletion area. Grey areas 

are the cross-sections of the charge density difference.

The planar average electron density difference  (middle plot) in Figure 1 was ∆𝜎(𝑧)

evaluated in small volume elements perpendicular to the Z axis and the excess (or deficit) 

electrons at each z position are indicated by the positive and negative regions. Optimized 

structure in Figure 1 (Top plot) shows  (green atom) close to the lithium metal slab Li +

and surrounded by DME solvent molecules, the interface of interest is the one shown 

within the dash black lines. Figure 1 (bottom) shows red regions surrounding the lithium-

ion and corresponding to the peaks in the middle plot, indicating electron accumulation 

area, calculated according to equation (1).  If additional lithium cations would become 

close to this region (red - electron accumulation), they would migrate and deposit close 

to that area creating non-uniform deposition. This was shown in previous research that 

studied the deposition of Li+ ions on Li metal surface with defects such as a single 

deposited Li atom.52 Various adsorption sites were tested for the preferred deposition site 

of a Li cation. It was found that this preferred location is a hollow site available next to the 

defect in the metal surface. Moreover, this deposition mode in interstitial sites was 

confirmed by ab initio analysis of growth of Li metal nanoclusters that determined the 

preferred locations of addition of a Li cation by evaluation of the electrostatic potential in 

Li metal clusters of increasing size.27  
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The electron depletion areas (blue, Figure 1) can be found on the DME molecules and 

they are correlated to the negative values in the middle plot.  The net charge of the lithium-

ion changed from approximately  to  after optimization based on Bader +1|𝑒| ―0.87|𝑒|

charges.  Although, Bader charge analysis does not yield reliable results when used on 

lithium metal atoms53 due to the creation of ‘pseudoatoms’ that contain electron 

accumulation in regions where there is no nuclei, the charges are well described for Li 

ions. In addition, in this study the Bader charge is used along with an alternative method. 

The electronic density difference profile shown in the middle plot represents the plane-

averaged electron density difference (z) calculated from the DFT calculated electron 

densities evaluated in planes perpendicular to the z-axis, within thin slabs (of width z) 

along the z direction. This function (z) shows directly the average accumulation or 

deficit of electrons as a function of z, that is created due to the interactions of the 

electrolyte phase with the Li metal surface.  As such, (z) provides a better 

understanding of the possible redox reactions at the interface and the cation deposition 

phenomena.
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 Figure 2. Snapshot of cation deposition structure with EC as solvent (Top), planar average 

electron density difference  curves (middle) and charge density difference diagrams ∆𝜎(𝑧)

(bottom) (isosurface level = 5.0e-4).  Color code as in Figure 1.
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Figure 2 shows the optimized system when EC is used as a solvent, lithium-ion (green 

atom) remains solvated in the electrolyte phase and far from the lithium metal slab 

compared with the lithium ion on Figure 1. The net charge of the lithium-ion is  +0.87|𝑒|

and it is surrounded by electron accumulation areas. The electron accumulation areas 

(red) in Figure 2 are located on the solvent molecules. As shown below, the top EC 

molecule has received around  located near the carbonyl carbon. This reduction ―0.86|𝑒|

of the EC molecule causes the molecule no longer being planar. The electron localization 

and geometrical change are in agreement with previous DFT calculations of the EC 

reduction. 54 The  anion located at the right of the cell is not fixed and it interacts with 𝑃𝐹 ―
6

the He layer that is also fixed. The peaks (and opposite valleys) found at the right side in 

the middle plot on Figure 2 correspond to the Helium layer being fixed, and its charge 

being almost neutral.  The detailed electron density difference distribution is quantified in 

the middle plot, that shows that the electron accumulation in this case occurs near the 

reduced solvent. Note that there is still some electron accumulation at the interface but 

much lower than in Figure 1. Table 1 shows that even though the lithium metal slab loses 

the same amount of electrons for both systems in Figures 2 and 1 (EC and DME), in 

Figure 2 EC is reduced instead of the lithium-ion. The Li-ion remains with its initial charge 

because of the much higher electron affinity of EC compared to DME.55 Peaks on the 

electron density difference profile in Figure 2 indicate the excess of electrons, in the 

planes that include the solvent molecules involved in the solvation shell. 

The Density of States (DOS) shown in Figure 3 is helpful to characterize the electronic 

structure of the lithium ions present in both systems. In contrast to the lithium-ion that is 

not reduced (red line in Figure 3), the reduced lithium-ion in the DME case (blue line in 
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Figure 3) shows a high population of electronic states around the Fermi energy revealing 

the reduced state. The charge transfer that occurs from the lithium metal to the lithium-

ion in DME, changes the electronic structure as well as induces the desolvation, which 

causes the Li atom to become closer to the surface 1.7 Å, compared to the final ion 

distance in the system with EC of 4.3 Å (the initial placement of the lithium cation in both 

cases is 4.6 Å from the surface).
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Figure 3. Density of States of Li atom for the cation examined in Figures 1 and 2. Reduced 

deposited lithium-ion in the DME solvent is represented by the blue line. Solvated lithium-ion in 

the EC solvent is shown in red.
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Table 1. Bader net charge (e) after DFT optimization including each component in the simulation 

cell. The charges for a given species are total (include all atoms and/or all molecules).

DME EC DOL EC-DME
Li Metal Slab 2.53 2.43 1.09 2.66

Solvent -0.44 -2.04 -0.67 -2.29
Li Ion -0.80 0.86 0.87 0.87
PF6

- -0.98 -0.88 -0.90 -0.87
He -0.32 -0.37 -0.39 -0.37

Table 1 shows the overall net charge of each component (including all molecules or atoms 

of a given component) after optimization. The net charge of the anion as well as the 

helium layer are similar for all systems. The drift of negative charge to the He atoms is an 

artifact of the simulation setting but it does not affect the discussion that is focused on 

changes in the electronic density near the cation. The main differences in charges are in 

the lithium metal slab, solvent, and lithium cation.  Although the lithium metal slab loses 

a similar number of electrons for systems based on DME or EC (Table 1), the distribution 

of the charge within the layers of the slab is different in each case.  Figure 5 shows the 

average net charge per layer on the lithium metal slab.
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Figure 4. Average per layer Bader charge distribution in lithium metal slab a) DME used as a 

solvent b) EC used as a solvent.

Figure 4a shows the charge distribution within the slabs as the cation approaches the 

lithium metal slab surface. The bottom two layers of the lithium metal slab are fixed and 

the total net charge of those layers added up is zero. In Figure 4a layers 3, 4, 5, and 6 

(counting from the bottom up) change from negative (light blue) to neutral and then 

positive (layer 6 yellow), the top layer (7) is negative. Here, we could see the dynamics 

of electron transfer from the bottom to the top layers of the lithium metal slab that makes 

them available to reduce the cation, or in other systems starting the SEI formation by 

initiating the reduction of the solvent. The main difference within Figure 4a and 4b is that 

in the 2nd case the top three layers alternate negative, positive and negative due to the 

electron transfer to the EC molecules. 
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Figure 5. Solvation shells formed around lithium cation for different solvents in the electrolyte a) 

DME, b) EC, c) DOL and d) EC-DME. (Color code as Figure 1) The first two structures 

correspond to the DFT optimized structures shown in Figures 1 and 2.

The electrolytes in Li metal batteries drive Li ions motion during the charging and 

discharging process. Cyclic carbonate solvents increase the salt solubility but the mobility 

of the ions slightly decreases. On the other hand, linear carbonates increase the mobility 

of ions but the salt solubility decreases.56 The solvation shells around the lithium cation 

shown in Figure 5 are the configurations (close up of the optimized structures in this work) 

in which the solvent molecules are organized around the lithium cation. Other more 

complex structures may arise as previously reported. 57 Lithium mobility and ability of the 

cation to be deposited on the lithium metal slab is affected for the structure of these 

solvation shells, which also change as they become close and are affected by the 

electrified interface. 
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The structure of the lithium solvation sheath in lithium-based batteries is important in the 

SEI formation because the solvents in the solvation sheath predominantly participate in 

forming the SEI by preferential reduction at potentials higher than that of Li ion reduction  

and even by spontaneous reaction of the electrolytes in contact with Li metal at open 

circuit conditions.56,58,59 60 Comparing Figures 5 a and b we could examine further why 

the cation is reduced and deposited on the surface in the first case but remains solvated 

by the EC molecule and not reduced in the second case. Reduced ion mobility and the 

strong solvation shell (high Li+ coordination number with O) that is created with the highly 

polar and easily reducible cyclic solvent (EC) are the reasons for this behavior. 

The solvation shell created by the DOL molecule (Figure 5c) is structurally similar as the 

one created by EC; however due to the much lower electron affinity of DOL, neither the 

solvent nor the cation are reduced (Table 1). Additionally, the electron density analysis 

can be found in Figure S3, where the similarity with EC solvation shell can be observed, 

as areas of electron depletion and accumulation are observed. When there is a mixture 

of solvents (EC/DME, Figure 5d), the trend of the ion to relocate is increased but the 

solvation shell shown in Figure 5d still prevents the cation deposition and reduction. 

Figure S4 shows the asymmetry on the charge depletion and accumulation areas. 

Although the cation gets closer to the surface the electron affinity of the EC molecules 

promotes their reduction instead of that of the cation.

Effect of anion-cation distance and salt concentration

During the actual contact between the electrolyte solution and the electrode surface, 

numerous configurations of the cation may arise.  Moreover, if there is an applied field, 

the surface could have a much different charge profile than that discussed here. In this 
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study, we considered alternative initial configurations for most of the systems. An 

important case highlighted next is the effect of the distance between the anion and the 

cation.  Figure 6 shows two additional initial configurations, where the electrolyte 

molecules and cation are kept in the same initial positions as in Figure 1. Configuration 2 

(Figure 6a) has the anion located at the middle part of the electrolyte region. Configuration 

3 has the anion separated from the cation but close to the surface, although after 

optimization (Figure 6c) both anion and cation end up near the surface but separated 

from each other. The distances from the cation to the center of the anion after optimization 

were 6.8 Å and 5.2 Å in Configurations 2 and 3 respectively. It is important to notice that 

the initial distance of the cation to the metal surface is the same (4.6 Å) as in Figure 1. 

These two structures highlight different aspects. Figure 6b shows the interaction between 

solvent, anion, and cation where the cation keeps its charge of ~0.87 e. The attraction 

forces between these salt components inhibits the cation reduction, and the anion is too 

far from the surface to receive the electron transfer. 
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Figure 6. Effect of the anion-cation distance on cation reduction and deposition. a) 

Optimized structure of system at an anion-cation distance of 6.8 Å (Configuration 2). b) 

Charge density difference diagrams for Configuration 2. c) Optimized structure of system 

in Configuration 3. d) Charge density difference diagrams for Configuration 3. (isosurface 

level = 5.0e-4) Color code as in Figure 1. 

Figure 6d shows a final position for the anion even closer to the surface, whereas the 

anion-cation distance is 5.2 Å (Configuration 3). In this structure, the lithium cation is 

partially reduced by the electrons transferred from the lithium metal slab with a partial 

charge of   ~-0.54 e. It is also important to point out that after a dynamic evolution of the 

optimized system, the fast anion decomposition is expected due to the complete reduction 

of the anion by the lithium metal slab. In reality, many different configurations can be 

encountered, showing that cation deposition is not only a matter of the distance cation 
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and anion and solvation shell, but is in fact a combination of these factors including the 

effect of the intrinsic electric field and eventually that of an applied external field.  

Similar to the effect of the initial configuration of the systems, the salt concentration affects 

ion mobility. In this work, several salt concentrations were studied for all solvents 

previously mentioned. The optimized structures and dynamic snapshots of the systems 

are depicted along with the most relevant interatomic or intermolecular distances in Figure 

S5. Figure 7 shows the net charge of all components in the simulation cell for different 

salt concentrations (0.64 M, 1.3 M and 2 M) for a variety of solvents. Figure 7a shows 

that the net lithium metal charge decreases as the salt concentration increases, implying 

less oxidation of the Li metal surface atoms and less electron transfer.  This reflects also 

the negligible DME reduction in all cases, whereas the cation is reduced only for the 

lowest salt concentration.  This could be attributed to the strong interaction of the anion-

cation pair as the salt concentration increases.  In the cases of EC and DOL (Figures 7b 

and 7c), the dependence of Li surface oxidation with salt concentration varies slightly: the 

maximum oxidation is observed at 1.3 M in presence of these two solvents, which 

demonstrates the solvent power able to mitigate the anion-cation interaction that 

combines with the higher electron affinity of the solvent. However, at 2M, we see less 

reduction of EC and DOL than at 1.3 M, suggesting that salt concentration may be a 

stronger factor than solvent electron affinity for the combined reactivity including Li 

surface oxidation, and solvent vs. cation reduction. Concentrated electrolytes exhibit 

higher stability and Coulombic efficiency. This improvement may be explained by the 

change in solvent-ion coordination structures. Several studies have focused on these 

phenomena. In dilute electrolytes the most common structure found is solvent-separated 
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ion pairs. Such structure shifts to contact ion pairs, and cation-anion aggregate structures 

when the salt concentration increases. As a result, the number of uncoordinated solvent 

molecules decreases leaving fewer molecules prone to reduction by the Li metal, leading 

to a more stable solvent.16,61  Moreover, as discussed in recent work,61 the ability of the 

anions to coordinate with multiple lithium-ions lowers the anion LUMO levels below those 

of the solvent molecules. Thus, as salt concentration increases, the anion becomes 

reduced instead of the solvent. 

Figure S6 in supplemental information has been added illustrating coordination structures 

found at two different concentrations in this study.  A direct consequence of the change 

in coordination structures includes an SEI layer derived mainly of anion decomposition 

rather than solvent decomposition, which in several cases could enhance the SEI 

qualities.16,61-63
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Figure 7. Net charge for the Li metal slab and electrolyte components at three salt concentrations 

for solvents: a) DME b) EC c) DOL. The net charge is calculated by adding all the charges of the 

molecules in a given species, except for those of the anion and cation, that are calculated per 

molecule. 

Ionic motion from the electrolyte to the surface: Slow growth approach

The solvation shell formed around the lithium-ion can be complex and strongly limiting for 

the mobility of the cation; this is an important issue for elucidating the lithium deposition 

mechanisms using AIMD simulations. The thermodynamic integration slow growth 
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approach to determine the free energy profile of a given dynamic trajectory is a very useful 

tool that allows us to follow the motion of an atom in a certain direction without imposing 

any specific path. 

Figure 8 shows the slow growth analysis in a system displaying the trajectory of one 

lithium cation (red atom) initially solvated by one DME molecule ( ) that has one atom 𝜉1

on the lithium metal slab as its final destination ( . This instruction (defining initial and 𝜉2)

final positions) is also called collective variable ( . The motion proceeds with a small step 𝜉)

of 0.0008 Å. While the ion reaches a new position given by this step, a free energy 

gradient calculation (F/) is done by averaging the dynamic trajectories over 100 fs. 

Figure 8a is the initial structure at which the lithium cation is initially solvated by one DME 

molecule. The initial structure is constructed as previously described for the DFT 

calculations (Figure 1), where after the initial placement of the cation and anion pair (1M 

LiPF6) the cell is packed with solvent molecules until the desired density is obtained. Next, 

the system is optimized with classical mechanics as described in the computational 

methods.  Finally, the constrained AIMD is carried out. Figure 8b depicts the change in 

free energy  as well as the integrated free energy profile of the system 
𝛿𝐹
∆𝜉 [𝑒𝑉/ Å]  𝐹 [𝑒𝑉] 

during the cation deposition calculated with equation (2). 

The collective variable (  is defined in this case as the lithium cation getting away from 𝜉)

the oxygen atom in the initial solvation shell and approaching a lithium metal atom in the 

slab. The total free energy profile shows that the free energy initially decreases (favorable 

process) representing the movement from the initial solvation shell (shown in 1*) in which 

the cation is solvated by one oxygen atom (yellow lines in the figure indicate closer oxygen 
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atoms) and it moves to a second solvation shell (Figure 8 snapshot 2*) in which the cation 

becomes more favorably solvated by three oxygen atoms. The energy starts to increase 

and there are several barriers detected during the trajectory. The following event (2*  

3*) is the diffusion out of the stronger solvation shell created by the three DME solvent 

molecules; this energy barrier is ~0.24 eV (This barrier is calculated as the difference 

between the energy values of snapshot 3* and 2*) and leads to the cation no longer being 

solvated by several oxygen atoms and facilitating its motion in the direction of the surface 

and therefore its deposition. Additional barriers shown after 3* illustrate events that are 

less likely to happen at least in absence of a driving force such as an external potential. 

In this system, the lithium cation that has already been reduced will not penetrate the 

lithium metal slab as suggested by the magnitude of the barrier.
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Figure 8. Free-energy profile of lithium cation deposition from an electrolyte where DME is used 

as a solvent. a) Initial structure. b) Free energy profile (1*  3*) snapshots of the lithium cation 

diffusion pathway and deposition (yellow lines indicate oxygen atoms in solvation shell).

Figure 9 illustrates similar pathway for an initial ion-pair structure. In Figure 9 snapshot 1* 

the initial structure and solvation shell of the cation includes the counterpart anion, this 

implies a harder-to-leave solvation shell and therefore the diffusion energetics may vary. 

Here the collective variable instruction is for the cation to get apart from the anion and 

move towards the lithium metal slab. Although the instruction is similar to that in the 

previous system, the strong electrostatic interaction within the ionic pair leads to the 

cation dragging the anion towards the lithium metal surface. In this step (1*  2*) three 
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oxygen atoms from solvent molecules try to pull the cation apart from the anion resulting 

in an energy barrier of ~0.7 eV. Energy barriers are calculated as the difference of the 

energy values F [eV] between two steps. The following step (2*  3*) has an energy 

barrier of ~ 0.53 eV. This new barrier may account for different events that take place until 

this point, such as the partial reduction of the anion (one fluorine atom that remains 

solvated in the electrolyte phase) and the diffusion of the ion pair as a whole. In this 

diffusion pathway the anion is dragging the cation towards the lithium metal slab. The 

initial distance of the cation to the top layer of the lithium metal slab is ~6 Å and such 

distance is shortened to ~3 Å at mark 3*. 

The anion further reduces into atomic species and small fragments forming initial SEI 

components and the lithium cation deposits (3*  4*) at the point where it is free of the 

anion after overcoming an additional barrier of ~0.98 eV. The reduction of the 

decomposition of the anion goes from charged fragments like  and  , all the way 𝑆𝑂2 𝑁𝑆𝑂2

to elements forming initial stages of the SEI, like  and .  From 4* forward, the 𝐿𝑖2𝑂 𝐿𝑖𝐹

cation diffuses throughout a combination of nucleating SEI/fresh lithium solid slab surface 

that leads to an increase in the energy barrier to reach its final destination.  In addition to 

the energy barriers calculated by the thermodynamic integration slow-growth method, the 

structure and elemental composition of the solvation shells around the lithium cation were 

studied and discussed next. 

Figure 10 shows the elements most commonly found in the solvation shell during the 

lithium cation diffusion and deposition pathway. In this plot labels 1* through 5* 

correspond to the snapshots presented in Figure 9. From the beginning 1* to 3* we can 

see that the majority of atoms present in the solvation shell are carbon (from the solvent) 
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and oxygen (both from the salt and the solvent molecules). Also, atoms (sulfur, fluorine, 

and nitrogen) that belong to the anion of the salt are present in this initial stage. At 4* we 

see changes corresponding to the actual deposition of the cation. At this point there is a 

shift from carbon and oxygen being the majority components of the solvation shell to 

lithium in the metal slab being mostly around of the atom (explanation of how this type of 

plot was constructed is in the Supporting Information, along with  Figure S7).

Figure 9. a) Free-energy profile of lithium cation deposition when the anion FSI- is part of 

the solvation shell. Images 1* through 5* snapshots of the lithium cation diffusion pathway 

and deposition. The red line shown in 2* is the path that the cation has followed until that 

snapshot. 
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Figure 10. Evolution of the solvation shell atomic distribution as a function of the 
collective variable.

Different strategies are being studied to prevent dendrite formation as well as for 

improving the stability of the SEI. Localized high-concentration electrolytes (LHCEs) are 

used for this purpose. Ideally, a diluent has the appropriate coordination that enables a 

low viscosity while maintaining the Li+ solvation structure observed in high concentrated 

solutions, although these structures are localized within the electrolyte.61,64 A diluent 

suitable for ether-based systems tris(2,2,2-trifluoroethyl)orthoformate (TFEO) has been 

recently studied due to its advantages for improving the anode as well as the cathode 

performance in lithium metal batteries.65  

However, as shown above, the environment that surrounds the Li+ affects the diffusion 

pathway as well as its deposition. Figure 11 shows the slow growth analysis done on a 

Page 28 of 41Physical Chemistry Chemical Physics



29

system that has the TFEO diluent as part of the electrolyte components with the LIFSI 

salt and DME as a solvent; the initial configuration is shown in Figure 11a.  The electrolyte 

contains DME, TFEO, and LiFSI with a concentration of 1 M. The collective variable (  𝜉)

is defined in this case as the lithium cation separating from the oxygen atom in the FSI- 

anion and approaching a lithium metal atom in the slab.  The main difference within this 

system and the one in Figure 9 is that from the initial structure to label 1* (Figure 11a  

1*) the  cation separates from the   anion before it diffuses, leading to the cation Li + FSI ―

being able to move without dragging its counterpart.  The energy barrier for this step 

(Figure 11a  1*) is high: ~2.95 eV. This is the result of the energy required to overcome 

the electrostatic attraction in the salt as well as part of the barrier for diffusion of the cation. 

In the deposition step (1*  2*) the  cation is solvated by oxygen atoms as well as Li +

close to two fluorine atoms in the TFEO molecule leading to an energy barrier for diffusion 

of ~ 1.41 eV. 
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Figure 11. Free-energy profile of lithium cation deposition where the anion FSI- is part of 

the solvation shell, and the electrolyte contains DME solvent and TFEO diluent. a) Initial 

structure. b) Free energy profile, snapshots (images 1* and 2*) of the lithium cation 

diffusion pathway (illustrated by the red line) and deposition.

In addition to the electrolyte variations like the presence of different salts, solvent, and 

diluent, the  diffusion pathway and deposition is affected by the presence of SEI.  Li +

Figure 12 shows the slow growth analysis when a nucleating lithium fluoride (LiF) model 

solid electrolyte interphase is located on top of the lithium metal slab. The LiF layer shown 

in Figure 12a was generated in AIMD simulations by the reduction of two   anions. PF ―
6
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During battery cycling, the LiF layer can be attributed also to the decomposition of other 

salt anions as well as higher fluorinated diluents like TFEO.

 Figure 12. Free-energy profile of lithium cation deposition in presence of a nucleating 

SEI. a) Initial structure. b) Free energy profile, snapshots (images 1* through 4*) of the 

lithium cation diffusion pathway (illustrated by the red line) and deposition.

The initial energy barrier (Figure 12a  1*) ~0.11 eV is the partial defluorination of the 

salt. The rotation of the salt fragment, leading to the defluorinated anion becoming close 

to the interphase is the following step (1*  2*) having a barrier of ~0.28 eV. Also, the 

lithium cation forms a LiF molecule with one of the fluorine atoms in the anion. The 

complete reduction of the partially defluorinated FSI anion is the following step (2*  3*) 
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~0.68 eV, the new molecule of LiF formed by the lithium cation (red atom in Figure 12) 

and a F- remains solvated but close to the surface. This molecule becomes part of the 

model SEI locating on top of the nucleating LiF layer. The initial stages of nucleation of 

such layer in various electrolytes were recently discussed.60 This stage has an energy 

barrier (3*  4*) of ~2.21 eV, that corresponds to the diffusion of the reduction products 

of the salt toward the surface. It is possible that the diffusion of the Li cation from the top 

of the SEI to the SEI/anode interface where presumably the cation would be reduced may 

be done by ion knock-off mechanism through the SEI layer. This step is not studied here. 

We are currently analyzing this phenomenon with classical molecular dynamics 

simulations. 

Table 2. Summary of Li ion motion from the electrolyte to the surface in various systems

System Step Main events Barrier

1*  2* stabilization of the 

cation (LiO Li(O3)

energy decreases, 

no barrier

LiPF6 in DME: In the 

initial configuration 

anion and cation 

are separated

2*  3* desolvation from 

LiO3

0.24 eV

1*  2* solvent tries to 

separate ion pair

0.7 eVLiFSI in DME: In the 

initial configuration 

anion and cation 

are paired

2*  3* anion reduces, ion 

pair diffusion

0.53 eV
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3*  4* anion completes 

reduction, cation 

deposits on surface

0.98 eV

Initial  1* anion-cation 

separation

2.95 eVLiFSI/DME/TFEO

1*  2* diffusion of cation 1.41 eV

Initial  1* partial 

defluorination of the 

anion

0.11 eV

1*  2* rotation of salt 

fragment; 

0.28 eV

2*  3* further reduction of 

anion

0.68 eV

LiFSI/DME in 

presence of LiF thin 

film 

3*  4* integration of the 

new LiF to the 

nucleating film

2.21 eV

Table 2 summarizes the cation diffusion through different electrolytes.  It is concluded 

that DME solvation does not impose a large energy penalty to the cation diffusion. Large 

barriers are found in presence of anion decomposition, because of the formation of 

negatively charged species that tend to retain the cation in solution.  In addition, it is clear 

that breaking the ion-pair represents a high energetic cost, that may diminish as the ion 

pair moves to the surface where the anion usually reduces first. 
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Tuning the electrolyte is one of the ideas that are being used to modulate Li reactivity and 

induce smoother deposition. This is because the electrodeposition of the Li+ ions is highly 

influenced by the solvation shells that are formed by electrolyte components like salts, 

solvents, or additives. Figure 7 illustrates that DME with 1M salt concentration favors a 

relatively easy deposition of the cation with the solvent remaining stable. Yet, increasing 

salt concentration or using a diluent, as in localized high concentration electrolytes, can 

induce higher barriers for cation-anion separation in the electrolyte phase (as shown in 

relation to Figure 11), and perhaps a more controlled ionic deposition if the complex 

arrives near the surface before dissociation. This idea however requires further work and 

will be addressed in future reports.

Battery operating conditions may affect the Li+ electrodeposition kinetics and also they 

may alter energy barriers for each process of desolvation, diffusion, and deposition. 

Researchers have focused on the effect of the temperature on these barriers, an increase 

in temperature promotes transport of Li+ ions and self-diffusion of Li atoms on the surface 

by enabling them to overcome energy barriers.66 However, temperature increases may 

not be always beneficial, and some of them could exacerbate the growth of dendrites.67  

All our simulations were run at 330K and we do not have currently a reference 

temperature for comparison of the calculated barriers.  Further work may explore this 

point.

Another interesting question is how the nature of the electrode affects cation deposition. 

Previous studies investigated the mechanisms of cation deposition on metallic surfaces 

like Cu for different electrolytes.68 It was found that cation deposition occurs in a two-step 

mechanism, the first step is driven by kinetics in solution, in a similar form as the 
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conclusions from this study. Thus, sufficiently far from the electrode, the ion solvation 

shell would behave similarly because diffusion through the bulk electrolyte should not 

change much even with structural and electronic differences in the electrode surface. 

However, in regions closer to the electrode surface, the second step involving the 

desolvation and deposition barriers will be affected.  For example, surface polarization 

orbitals developed on the Cu surface68 under an applied field, are much less significant 

than those on a Li surface. Thus, the Li surface favors cation deposition compared to Cu, 

although at the cost of surface stability.

Conclusions

In this paper, we studied the lithium cation diffusion pathway as well as its deposition in 

several environments. Variations in the electrolyte included changes in the chemistry and 

structure of solvents and salts as well as the use of diluents or nucleating SEI. The 

solvation shell created around lithium cation has a great influence on the ability of the 

cation to diffuse as well as the electron environment that surrounds it. Whenever the  Li +

is solvated by DME, the cation can be reduced by the lithium metal slab, the electrons 

are transferred from the bottom layers to the surface of the slab and then transferred to 

the lithium cation that is reduced. However, if the solvent used is EC-based the strong 

solvation shell and its electron affinity will prompt the reduction of the EC molecules 

instead of . If the solvation shell is difficult to break due to higher salt concentration or Li +

closer anion-cation interaction, the mobility of the cation is limited and its deposition is 

shown to be difficult.

It is important to remark that this study does not include any applied field. All the events 

are originated by molecular interactions and electron transfer due to differences in 
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electron affinities under the fields created by the molecules in the system. This 

corresponds to the real situation where a spontaneous SEI is formed by putting in contact 

a Li metal surface and an electrolyte solution. 60  In recent work, we have examined the 

effect of applied external fields and that of a simulation cell operating at constant electrode 

potential for cation electrodeposition on a Cu surface.68 We showed that the effect an 

external field is necessary to obtain the reduction of the Li cation on the Cu surface.  In 

this work we have illustrated the important effect of the electrolyte on facilitating or 

impeding such reduction on a Li surface, and the specific barriers that the ion would 

encounter in their way to the surface under various electrolyte solutions. 

The slow growth approach allowed us to study the free energy diffusion pathway and 

deposition of the cation under specified collective variables leading it to leave its initial 

solvation shell and reaching the Li metal surface. Therefore, the energetic barriers for 

desolvation, diffusion and deposition were characterized. Although a lot of additional work 

is needed to achieve a comprehensive picture, this work provides new information on the 

initial cation deposition that we expect to guide additional experiments and simulations in 

an effort to achieving a better understanding of the initial stages of Li metal nucleation.  

Further directions will combine these insights with other models able to represent the 

statistical nature of deposition processes.
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Barriers for desolvation, diffusion through electrolyte, and reduction on metal surface and 
electrolyte effects are evaluated
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