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Abstract 

The charge transfer reaction is the fundamental reaction for rechargeable batteries. The energy 

landscape of this reaction depicts the equilibrium and kinetics of the electrochemical process. 

Typically, a Li-metal electrode is always covered by a thin layer of solid electrolyte interphase 

(SEI), forming a complex Li/SEI/electrolyte interface. In this paper, a new modeling framework 

was developed to predict the energy landscape of the lithiation/delithiation charge transfer reaction 

at a Li/Li2CO3/EC-electrolyte interface, with combined density functional theory (DFT) and tight-

binding (DFTB) calculations. It was found that Li+ ion is much more energetically favorable to be 

dissolved in the electrolyte on a zero-charged Li-metal electrode, indicating the SEI is a necessary 

kinetic barrier to prevent complete solvation of Li-metal into the electrolyte. During delithiation, 

Li+-ion would be stripped from the surface non-uniformly and form a large void on the Li-metal 

surface. During lithiation, it was demonstrated the annihilation of Li+ ion and electron is at the 

Li/SEI interface, for an idealized defect free SEI. Furthermore,  at the experimentally defined zero 

voltage for Li+/Li0, the Li-metal surface is not zero-charged, but rather negatively charged (~0.62

 e nm-2) to maintain the electrochemical equilibrium. The electric field created by the ± 0.12

negatively charged surface can reorient the electrolyte into an ordered structure, lower the Li+ ion 

desolvation energy barrier, and help the Li+ ion transport through the SEI. The charge transfer 

coefficient, α, in the Butler-Volmer equation was directly computed to be ~0.22 from the simulated 

energy landscape, consistent with the experimental measurements. Thus, this model enables a 

bottom-up multiscale modeling approach for ion-transfer electrochemical reactions.  

*Corresponding Author, Email: yueqi@egr.msu.edu; Tel: 5178892479
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1. Introduction

The reversible charge transfer reaction,  is the fundamental 𝑀𝑧 + (𝑠𝑜𝑙) + 𝑧𝑒 ― (𝑠)↔𝑀0(𝑠)

reaction for rechargeable batteries, where  represents a virtually neutral metal specie, which can 𝑀0

be a metal atom or an ion-electron-pair intercalated in an electrode.1 Simply considering  as 𝑀0(𝑠)

a metal piece, the forward reaction also describes the electrodeposition process, which can generate 

mirror like Ag surface 2 or mossy and dendritic Li that is harmful to battery life and safety. 3-5 The 

backward depletion reaction is the source for many corrosion processes. 6 The energy landscape 

of this reaction, with broad applications, depicts the equilibrium and kinetics of the electrochemical 

reaction, which is often phenomenologically described by the Butler-Volmer equation. 7-9

Predicting the charge transfer reaction energetics from first-principles calculations, such as 

density functional theory (DFT), is necessary for achieving interface design. It is especially 

valuable for the fundamental electrochemical reactions taking place at complex interfaces, where 

microscopic structural and chemical properties are often difficult to probe under operating 

conditions. Recently, various methods have been developed, including joining DFT with implicit 

continuum solvation model,10, 11 using DFT for explicit electrode/electrolyte solvents model, 12 

and constraining electrons to capture electron hopping by the constrained-DFT model. 13 Most of 

these electrochemical reaction simulations dealt with pristine-metal/aqueous interfaces; 14-16 where 

the catalyst metal surface is neither the product nor the reactants of the electrochemical reaction. 

Currently, modeling of the energy change for the metal deposition type of charge transfer reaction 

is not available, despite its broad applications.   

For many electrochemical interfaces, the metal surface is not pristine. 17 The application of Li-

metal-electrode in batteries amplifies the effect of the surface passivation layer. The typical non-

aqueous electrolytes are thermodynamically unstable against reduction reactions on the surface of 

typical negative electrodes, leading to organic and inorganic components depositing on the 

electrode surface to form a passivation layer, which is often referred as the solid electrolyte 

interphase (SEI).18-20 The Li+ conducting and electronically insulating SEI can prevent further 

electrolyte reduction and lithium consumption during cycling.21 Therefore two important charge 

transfer reactions can occur at the complex Li/SEI/electrolyte interface. The first one is the desired 

ion transfer reaction occurring in each charge/discharge cycle, . The others are a 𝐿𝑖 + + 𝑒 ― ↔ 𝐿𝑖0

series of undesired electron transfer reactions leading to electrolyte decomposition. While most 

modeling work focused on the latter by simulating electrolyte reduction reactions on zero charged 
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pristine or SEI-covered negative electrodes, 22-24 the first one deserves equal attention as it is 

essential for a comprehensive description of charge/discharge processes in developing stable and 

efficient Li-ion batteries. 25-28

Predicting the energy landscape of the electrochemical reaction of   at the 𝐿𝑖 + + 𝑒 ― ↔ 𝐿𝑖0

complex Li/SEI/electrolyte interface faces several computational challenges. First, it requires 

electronic structure calculations for a large interface structure that is beyond the size of typical 

quantum calculations.  Fortunately, for the ion diffusion reaction, the excited and confined 

electronic states controlling electron transfer in the Marcus theory can be neglected, so traditional 

DFT and even self-consistent charge density functional tight-binding (SCC-DFTB) method can be 

adequate.29, 30 Therefore, in this study, a new half-cell interface model containing a Li-metal, 

covered by 4 layers of Li2CO3 and interfaced with liquid ethylene carbonate (EC), was created as 

an explicit electrochemical model to represent the Li/SEI/electrolyte interface. Although the model 

seems to be over simplified for the multicomponent SEI, considering previous simulations on SEI 

component, such as Li2CO3, LiF, (CH2OCO2Li)2 have led to many important and experimentally 

verified predictions on SEI functionality (summarized in Ref 23), it can be expected this model, 

as a first step toward predicting charge transfer reactions at a complex interface, will lead to new 

insights. This explicit half-cell model is motivated by the Li-symmetric cells that reach 

electrochemical equilibrium in an enclosed system. It facilitates the simulation of reduced state 

and oxidized states. SCC-DFTB with new parameters transferrable to Li+ ion and Li0 metal 31 was 

used to capture the dynamics of the liquid-electrolyte, the charge on the electrode, and the average 

system energy, while DFT was used occasionally to freeze the half-cell structure and calibrate the 

SCC-DFTB results. Together, the energy landscape for the fundamental charge transfer reaction 

 at a complex Li/Li2CO3/liquid-EC-electrolyte interface was obtained. 𝐿𝑖 + + 𝑒 ― ↔𝐿𝑖0

It is still computational challenging to predict various potentials defined in electrochemistry 

and applying an over-potential, , to drive the electrochemical reaction. In this work, we first  𝜂

derived the thermodynamic driving force and defined the electrochemical equilibrium conditions 

(  ) for the charge transfer reaction with the explicit half-cell interface model from both 𝜂 = 0

DFTB and DFT calculations. The definition of the voltage in the explicit model is inspired by the 

interface model for a LiC6/liquid-EC interface (no SEI), where the surface electron density (σ) on 

LiC6 was calibrated to mimic an experimentally-defined applied voltage.24, 32 It is important to note 

that at , the experimentally defined zero voltage for Li+/Li0, the Li-metal surface is 𝜂 = 0
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negatively charged. As simulations with classical force field have indicated that the electric field 

created by the negatively charged surface can and change the electrolyte double layer structure 33, 
34, 35 the explicit half-cell interface model developed in the study will fully illustrate the energy 

landscape variation under different electric field, which is connected to the excess electron density 

on the Li-metal-electrode. Thus, the de-solvation energy barrier, the double layer structure, and 

the Li+ ion transport barrier through the SEI were predicted as a function of the over-potential. 

Finally, the charge transfer coefficient, , in the Butler-Volmer equation was directly predicted 𝛼

from the computed energy landscape.  

2. Simulations of the Electrochemical Reaction with a Half-Cell Interface Model

The half reaction at the Li/SEI/electrolyte interface can be written as  

(s)                                                          (1),𝐿𝑖 + (𝑠𝑜𝑙) + 𝑒 ― (𝑠)↔𝐿𝑖0

where the Li+ ions dissolved in the electrolyte are reduced by the electrons, , on the electrode 𝑒 ―

to produce the Li0 atoms depositing to the Li-metal electrode (forwarding reaction). The 

thermodynamic driving force is given by

                                             (2), ∆𝐺 = ∆𝐺0 + 𝐹𝜙 ― 𝑅𝑇𝑙𝑛𝑎𝐿𝑖 +

where G0 is the standard free energy change for the electrode reaction (1) on a zero charged Li-

metal, F is the Faraday constant.  is the Galvani potential on the Li-metal electrode (assuming 𝜙

the potential in the electrolyte to be the zero).  is the activity of Li+ ions in the electrolyte, Li
a 

which depends on temperature, solvent, and the concentrations of ions. At the electrochemical 

equilibrium, the forward and backward currents are equal, or in other word, the chemical potential 

of Li+ ions in the electrolyte equals to the chemical potential of a reduced Li0 atoms in the electrode, 

thus 

                    (3),∆𝐺 = ∆𝐺0 +𝐹𝜙0 ―𝑅𝑇𝑙𝑛𝑎𝐿𝑖 + = 0

where  is the equilibrium potential. During the charge or discharge process, the thermodynamic 𝜙0

driving force for the reaction can also be expressed as, 

                          (4),∆𝐺 = 𝐹(𝜙 ― 𝜙0) = 𝐹𝜂

where  is the over-potential. If  < 0, the Li+ is reduced (plating); whereas if  > 0, the Li0 is 

being oxidized to Li+ ions (stripping). The energy landscape along the reaction coordinate under 

different potential is schematically shown in Fig. S1 in the Supporting Information (SI). The over-
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potential tilts the energy landscape, causing the imbalance of the forward and backward currents, 

leading to the well-known phenomenological Butler-Volmer Equation.  

Fig. 1. Li/Li2CO3/EC slab models at (a) the reduced state, and at the oxidized states with (b) one 

Li atom and (c) 3 Li atoms stripped. The white volume in (b) and (c) indicates the location of the 

stripped Li atoms. The reaction coordinates (RC) of 0 and 12 Å correspond to the position of the 

Li-metal surface and EC-electrolyte surface, respectively.

In order to understand the Li plating/stripping process at atomistic scale and to directly predict 

the energy landscape under different over-potential for reaction (1), an explicit half-cell interface 

model was created in this paper. Here, a Li(001)/Li2CO3(001)/liquid-EC slab model 20 was used 

to represent the Li/SEI/electrolyte interface, as shown in Fig 1.  More specifically, the model 

includes a 7-layer of Li-metal with a thickness of ~11 Å, 4 layers of Li2CO3 on each side of the 

Li-metal with a thickness of ~12 Å, and a thick liquid EC slab including 32 EC molecular with an 

experimental density of 1.32 g cm-3. The fully periodic cell has a dimension of 16.72 х 9.95 х 

56.91 Å3 and 809 atoms. The average total energy of the simulation cell was obtained from 50ps 

SCC-DFTB molecular dynamics (MD) simulations. Several snapshots of relaxed SCC-DFTB 

structures were fully relaxed by DFT (GGA/PBE) again to calibrate the accuracy of the SCC-
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DFTB results. More calculation details are listed in the SI. It was also found the SCC-DFTB 

relaxation dramatically accelerated the convergence of the DFT relaxation. 

The reduced state is represented by a perfect Li-metal slab and no Li+ ions in the liquid (as Fig. 

1a).  The oxidized states are represented by removing one (Fig. 1b), two, three (Fig. 1c) and five 

Li+ from the Li-metal slab, respectively, and putting them randomly inside the electrolyte and 

leaving vacancies in the Li-slab. After minimization, it was found the electrons were left on the 

Li-metal slab. Our previous study had shown that 4-layer of Li2CO3 can kinetically stabilize a 

negatively charged Li-metal surface for at least 100ps of DFTB MD simulation without reducing 

EC.31 The energy landscape for the charge transfer reaction was obtained by moving one Li+ ion 

from the center of the electrolyte toward the Li-metal surface. Several special locations were 

considered, e.g., the center of the electrolyte, the SEI/electrolyte interface, in the Li2CO3 layer and 

on the Li-metal surface. At each location of the Li+ ion, all the other atoms are fully relaxed by 

SCC-DFTB or by DFT (GGA/PBE) minimization, expect the Li+ ion that is moving along the 

normal direction of the interface. In order to locate where the charge transfer occurs, the electron 

distribution was computed for the metal slab, the Li2CO3, and the Li-ion and the EC electrolyte, 

by summing the atomic charges in each phase. The atomic charge in DFT was based on Bader 

charge analyses,36 while the atomic charge in SCC-DFTB is based on the Mulliken population, 

implemented in the DFTB+ code (for the convenience of the theory).  Based on our interface model, 

in the oxidized state with one Li+ in the electrolyte (Fig 1b), the Li+ ion in the electrolyte is +0.62 

charged, while the Li-metal slab gained -0.46 charged in SCC-DFTB calculations. DFT predicted 

the Li+ ion in the electrolyte to be +1.0 charged while the Li-metal slab is -0.96 charged. Both 

indicated the electron and ion are separated, while the overall interface model is neutral. 

To maintain an overall neutral cell, the Li+ ion concentration ( ) in the electrolyte increases 𝑐𝐿𝑖 +

with the more negative electronic field caused by the excess electrons on Li-electrode. This general 

phenomena of increasing ion concentration near a charged surface has been observed in SEI 

covered graphite surface34 and aqueous NaCl solution35 with classical MD simulations.  Therefore, 

it is possible to neglect the influence of the neutral background of the electrolyte (LiPF6 dissolved 

in EC for battery case) and only focus the excess Li+ ion concentration near the 

electrode/electrolyte interface, where the excess Li+ ion concentration is balanced with the excess 

electrons on the electrode. This assumption is motivated by experimentally used symmetric Li-

metal cells, where an electrochemical equilibrium is established in a closed system. With this 
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closed system, the total excess electrons on the Li-metal slab equals to the total charge of the Li+ 

ion in the electrolyte ( ), as 𝑞𝑒

                                             (5),―2∫𝜎𝑑𝐴 = 𝑘𝜎𝑐𝐿𝑖 + 𝑉 = 𝑞𝑒

where A is the surface area of Li-metal slab,  is the excess electron density on Li-metal slab, 𝜎

V is the electrolyte volume, the factor “2” denotes the two surfaces of the slab, and  is introduced 𝑘𝜎

to represent the different charged states in SCC-DFTB and DFT calculations, thus  is 0.46 e for 𝑘𝜎

SCC-DFTB and 0.96 e for DFT. The electric potential should drop to zero in the center of the 

liquid EC to mimic the electrolyte out of the Helmholtz layer (at least when Li+ concentration is 

not too high). The electric potential drop was calculated from the classical electrical double layer 

(EDL) model and DFT calculations (Fig. S2). These results along with previous MD simulations34 

all suggested that the electric potential will drop to zero within 1nm in the EC electrolyte, 

confirming that the half-cell interface model is long enough and it can be used to obtain the 

energetics in a charged system explicitly. 

III. Results and Discussion

3.1 The equilibrium conditions for the charge transfer reaction   

The charge transfer reaction energy on a zero-charge Li-electrode can be evaluated via the 

thermodynamic cycle illustrated in Fig. S3 in the SI. In this process, a Li atom will be removed 

from the Li-metal (the vacancy formation energy  = 0.4 eV from DFT calculations) to the 𝐸𝑓(𝑉𝐿𝑖)

gas phase (vaporization energy = 1.4 eV 39, close to the DFT calculated cohesive energy of 𝐸𝑣𝑎𝑝

1.61 eV), then be ionized (ionization energy of Li, = 5.4 eV 40). The Li+ ion will then be 𝐸𝑖𝑜𝑛

dissolved into the electrolyte (solvation energy,  ), while the electron will return to the 𝐸𝑠𝑜𝑙(𝐿𝑖 + )

Li-metal electrode according to the reverse of work function ( ). Therefore,𝑊𝑓

            (6) ∆𝐺0 = ― 𝐸𝑓(𝑉𝐿𝑖) ― 𝐸𝑣𝑎𝑝 ― 𝐸𝑖𝑜𝑛 + 𝑊𝑓 + 𝐸𝑠𝑜𝑙(𝐿𝑖 + )

The solvation energy was 5.2 eV from the AIMD method with GGA/PBE functional at 450 

K,24 and possibly even lower with entropy cost 41. It was reported to be 4.4 eV for Li+(EC)4 from 

Gaussian with the Hartree-Fock method.42 In the current simulation, the DFT (with GGA/PBE 

functional) computed solvation energy with one Li+ ion surround by 5 EC, mincing the first 
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solvation shell with a gas phase, is 5.5 eV. 41  The calculated  is 5.4 eV using SCC-𝐸𝑠𝑜𝑙(𝐿𝑖 + )

DFTB MD simulation at 450 K. Therefore  =5.5 eV from DFT was used for the 𝐸𝑠𝑜𝑙(𝐿𝑖 + )

thermodynamic cycle calculation. The computed Wf = 2.96 eV from DFT (with GGA/PBE 

functional) on a zero charged Li-metal slab was also in good agreement with reported experimental 

or computational data about 2.90-3.10 eV.43, 44 Therefore the  computed from the ∆𝐺0

thermodynamics cycle in Eq (8) is ~1.26 eV.  Note Eq (6) has an additional vacancy formation 

term,  since a vacancy will be generated during Li depletion, compared to the thermodynamic cycle 

in Ref,45 which predicted a reasonable higher  of ~1.5eV. Taking the normal hydrogen electrode ∆𝐺0

(NHE) as a reference (  at physical scale), 9, 46 the computed standard electrode 4.5 ± 0.2 𝑉

potential,  for Li+(EC)/Li0 is  V, which is very 𝐸0, 𝐸0 = ∆𝐺0 ― Φ𝑁𝐻𝐸 = 1.26 ― 4.5 = ―3.2 ± 0.2

close to the reported eV for Li+ ion in aqueous solution. ―3.04 

For reaction (1), a positive , , means that Li+ ion is much more energetically ∆𝐺0 ∆𝐺0 > 0

favorable to be dissolved in the electrolyte, if the Li-electrode is zero-charged. This is also 

supported by the spontaneous reactions when a Li-metal is soaked in EC electrolyte from ab initio 

MD simulations. 24 Therefore the SEI is a necessary kinetic barrier to prevent complete solvation 

of Li-metal into the electrolyte. The corresponding electrochemical equilibrium potential 

determined directly by Eq (3) is , assuming the .  This is 𝜙0 = ―
∆𝐺0

𝐹  ~ ― 1.26 𝑉 𝑎𝐿𝑖 + = 1

reasonably lower (should be ~0.1 V lower) than that of a carbon electrode, which is about -1.18 V 

calculated via DFT with a C-electrode/EC-electrolyte interface model. 24  
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Fig. 2. The electrochemical driving force of the charge transfer reaction at the Li/Li2CO3/EC-

electrolyte interface as a function of the charge density on the Li-metal surface. The circle and 

hexagon denote the directly predicated ∆E by SCC-DFTB and DFT, respectively. 

Fig. 2 shows the electrochemical reaction driving force (the over-potential) in Eq (3). This is 

the energy difference with respect to  and it is directly computed as the energy difference 𝜙0

between the reduced state (e.g. Fig. 1a) and oxide states, ∆E, using the half-cell interface model. 

For the DFT results, the  at the zero-charged Li-metal equals to 1.26 eV obtained from the ∆𝐸

thermodynamics cycle calculation. Based on both SCC-DFTB and DFT calculations, ∆E decreases 

with the more negative charge density, , on the Li-metal electrode. It reaches zero at the charge  

density of -0.75 and -0.50 e nm-2 from SCC-DFTB and DFT calculations, respectively. The 

deviation between DFT and SCC-DFTB was induced by approximations of the SCC-DFTB 

method and parameters.47 Given the lack of dynamics of DFT simulations and the lack of accuracy 

of SCC-DFTB results, we estimated the charge density on the Li-metal electrode with the average 

of both methods as e nm-2 at the electrochemical equilibrium state of . ―0.62 ± 0.12 𝜂 = 0
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As the negative charge on Li-electrode causes Li+ ion concentration to increase near the surface, 

we have evaluated the activity change, which is linked to the solution energy change, due to 

concentration (details are shown in SI). The change in the solubility with Li+ ion concentration 

increasing from 0.4 M to 2.24 M is less than 0.25 eV. So, the decrease of ∆E is mainly caused by 

the electric potential shift due to the excess charge density on the Li-metal electrode, which has 

been estimated by Eq S(1) and S(2) in Fig. S2a. For a charge density of -0.62 e nm-2, the shift is 

about 1.1 V, consistent with the potential drop observed from the half-cell model.  

The electrochemical equilibrium, corresponding to the experimentally defined zero voltage 

of Li+|Li0 in the EC electrolyte is reached when ∆E~∆G=0.   This means, the electrochemical 

equilibrium potential,  , occurs on a negatively charged Li-metal electrode, not a zero-charged 𝜙0

Li-electrode. Even stripping Li atoms from the Li-metal electrode under an applied 1 V over-

potential still occurs on a negatively charged Li-metal electrode. This suggested that the Li-metal 

surface is negatively charged most of the time during stripping and plating cycles. The 

consequence of the negatively charged Li-metal surface on the ion transport will be discussed in 

the Sections 3.4~3.6. It should also impact SEI growth dramatically, which is beyond the scope of 

this study. 

3.2 Interface Defects Formation During Li-stripping 

It was suspected that Li becomes porous near the surface during delithiation. 48  The half-cell 

interface model provides a consistent way to illustrate where the Li will be removed from the Li-

metal slab. Fig. 3 shows the relaxed Li/Li2CO3 interface structures with the lowest energy from 

the half-cell model and the cross-section of the Li-surface after 1 Li, 2 Li, and 3 Li atoms were 

stripped. The highlighted circles mean other possibilities to remove Li.  The optimized Li/Li2CO3 

interface undergoes obvious atomic relaxation. When one Li is removed, a vacancy can be 

generated either from the surface (case I) or from the bulk (case II) of the Li-metal slab (Fig. 3a). 

The calculated total energy of case I is 0.3 eV lower than that of case II, suggesting Li will be 

stripped from the surface first. During delithiation, the Li will continuously be removed from the 

Li-metal slab. The second Li may be removed around (case I) or far away from (case II) the first 

Li vacancy. The calculated total energy of case I is 0.58eV lower than that of case II, indicating 

the second Li will be removed around the first Li vacancy. Similarly, the third Li may be removed 
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around (case I and II) or far away from (case III) the Li vacancy (Fig. 3c). The calculated results 

show that case I is the most stable with the lowest total energy and is 0.32 eV and 0.49 eV lower 

than that of case II and case III, respectively. Therefore, Li atoms will be stripped from the surface 

with non-uniformity and prefer to form a large void during delithiation. Considering the low work 

of adhesion at Li/Li2CO3 interface (Wad = 0.167 J m-2 for Li(001)/Li2CO3(001) and 0.124 J m-2 for 

Li(110)/Li2CO3(001) from GGA/PBE,49 and 0.26 J m-2 for Li(001)/Li2CO3(001) from our SCC-

DFTB calculations), void generation at the interface will likely lead to SEI delamination during 

delithiation, if a compressive stress is not applied. Also, the void generation at the Li/SEI interface 

will also impact the morphology of the subsequent lithiation cycle. This may explain why 

compressive stress is beneficial during Li-stripping and plating experimentally. 50

Fig. 3. The relaxed Li/Li2CO3 interface structures after (a) 1 Li, (b) 2 Li and (c) 3 Li atoms stripped. 

The top pictures are the cross-section of the Li-metal surface. The while filled circles indicate the 

location of Li vacancy, and the dotted circles denote the other considered location of Li vacancy. 

The while volume indicates the location of the void. 

3.3 The charge transfer reaction occurs underneath the perfect SEI 
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Fig. 4. (a) The calculated total charge on the Li metal slab and (b) the energy variation when one 

Li+ ion transports through the EC-electrolyte (green) and the Li2CO3 layers (purple) to the surface 

of Li-metal (gray). The full-filled squares are from SCC-DFTB minimization, the half-filled circles 

are from SCC-DFTB MD average along with its fluctuation range, and the unfilled diamonds are 

from DFT calculations. 

The interface model allows us to track the charges on the Li-metal slab, electrolyte, and the 

Li2CO3 phases, while the Li+ ion diffuses from the electrolyte to the Li-metal surface. Fig. 4a 

shows the total charges on the Li-metal electrode when one Li+ ion is at different locations in the 

interface cell, indicated by the reaction coordinate as its distance to the Li-metal surface. It shows 

that the total charges on the Li-metal slab kept almost a constant of -0.46e with the SCC-DFTB 

method when one Li+ ion is located in the EC-electrolyte and in the Li2CO3 layers. The charge on 

the Li-metal turned into zero when Li+ ion reached the Li-metal surface, indicating the annihilation 

of e- and Li+ ion occurs underneath the perfect SEI layer and at the Li-metal surface. In order to 

verify the SCC-DFTB result, several SCC-DFTB optimization structures were further optimized 

with DFT and the charge density distribution was evaluated. The DFT predicted total charges on 

the Li-metal slab were about -0.96e when one Li+ ion is located in EC-electrolyte, and gradually 

reduced to -0.78e with Li+ ion moving inside the Li2CO3 layers. The charge on the Li-metal also 

dropped to zero when Li+ ion landed on the Li-metal surface. The corresponding electron density 

on the Li-metal, when Li+ ion is in the electrolyte, is -0.14 and -0.29 e/nm2 from SCC-DFTB and 

DFT calculations, respectively. The charge values from the DFT calculations are almost twice of 

that from SCC-DFTB, due to the limitation of SCC-DFTB, underestimating the amount of charge 

transfer. However, both methods show a similar trend of charge variation on the Li-metal slab 
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when Li+ ion transports from the EC-electrolyte, through the Li2CO3, and lands on the Li-metal 

surface. Note that this model uses a perfect Li2CO3 slab to represent an idealized SEI, and this 

conclusion may change due to the defects in real SEI. 

3.4 The energy landscape of the charge transfer reaction

Fig. 4b shows a representative energy landscape for the charge transfer reaction through the 

Li/Li2CO3/EC-electrolyte interface model. This is the total energy of the half-cell model with one 

Li+ ion in the electrolyte gradually approaching the Li-metal surface. The full-filled square in Fig. 

4b is from SCC-DFTB minimization, and the half-filled circle is from SCC-DFTB MD average 

along with its fluctuation, and unfilled diamond is from GGA/PBE.  It is apparent that at this 

charge density of  = -0.14 e/nm2 (predicted by SCC-DFTB),  Li+ ion prefers to be dissolved in 

the electrolyte and Li-platting will not occur under this potential. A lower potential is needed to 

plate Li, as discussed in Section 3.1. As shown in Fig. 4b, the SCC-DFTB calculated energy 

remains almost unchanged when Li+ ion diffuses inside the EC electrolyte from 23 to 16 Å toward 

the Li-metal surface (defines as position 0), consistent with the analytical analysis in Fig. S2a. 

Then, the energy sharply increases as the Li+ ion approaches the Li2CO3 surface at 13.2 Å, where 

the  Li+ ion is absorbed on the Li2CO3 surface, as its bond distance with the O on the surface of 

Li2CO3 is close to the Li-O bond length in the Li2CO3 phase. At this desolvated state, two EC 

molecules were stripped away from the primary solvation sheath Li+(EC)5 to form Li+(EC)3. After 

that, the Li+ ion continuously transports into the Li2CO3 layers by forming an interstitial Lii
+ in the 

Li2CO3 lattice. The energy decreases as the Li+ ion gets closer to the Li/Li2CO3 interface, due to 

the electrostatic interaction. DFT result has a similar energy landscape, but with a smaller value. 

The energy landscapes at different charge density on the Li-metal electrode were simulated 

directly by the half-cell model with SCC-DFTB. Fig. 5 shows the energy landscape for serval 

oxidized states, corresponding to the charge density of -0.14, -0.28, -0.42, and -0.70 e nm-2 on the 

Li-metal electrode, which correspond to 1, 2, 3 and 5 Li+ ions dissolved in the electrolyte (leading 

to Li+ concentration of 0.45, 0.91, 1.36, 1.82, and 2.27 M, respectively). The full-filled symbol is 

from SCC-DFTB minimization and the half-filled symbol is from SCC-DFTB MD average along 

with its fluctuation. All the reduced state (at the RC of 0 Å) refer to the same state as shown in Fig 

1a. Their energies are shifted to show the energy difference between the reduced state and the 

oxidized state as the negative charge density on Li-metal electrode changes from -0.14 to -0.70 e 
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nm-2. This is the thermodynamic driving force for the reduction reaction shown in Fig. 2. This 

indicates that Li atoms are continuously stripped from the neutral Li-metal electrode, dissolved as 

Li+ ion into the electrolyte and leaving negative charges on the Li-metal electrode, until a balance 

of the energies between the oxidized and reduced state is achieved. The buildup of excess electrons 

on the Li-metal surface and higher concentration of Li+ ion near the surface can be established 

especially due to the ionic conductive and electronically insulating properly of the SEI layer. 

Fig. 5 Energetic coordinates for Li+ ion transport as a function of charge density on the Li-metal 

surface via the Li/Li2CO3/EC interface model. The half-filled symbol is from SCC-DFTB MD 

average along with its fluctuation, the full-filled symbol is from SCC-DFTB minimization. The 

desolvation barrier and the transport energy barrier through SEI are defined by the energy 

landscape. 

The energy landscape indicates two energy barriers for Li+ ion transport, the de-solvation 

energy barrier from the electrolyte to the surface of Li2CO3, and the diffusion barrier inside the 
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Li2CO3. The de-solvated state is already inside the inner Helmholtz layer in the EDL model. The 

charge on the Li-metal will change the double layer thickness. The energy landscape at =0.14 e 

nm-2 shows that the energy of the system is converged in the center of the electrolyte (RC from 

20~25 Å), where the bulk electrolyte concentration is reached. However, due to the size limitation 

of the simulation cell, the increase of Li+ ion concentration in electrolyte results in the primary 

solvation sheath changing from Li+(EC)5 to Li+(EC)4 as at  becomes more negative to -0.7 e nm-2.  

Meanwhile, the average Li+-O bond length in the solvation sheath increased from 1.927 Å to 1.987 

Å, suggesting the solvation sheath Li+(EC)5 already begins de-solvation at a distance of ~10 Å 

from the Li2CO3/EC-electrolyte interface under the electric field caused by the more negative 

charge density (-0.70 e nm-2) on the Li-metal electrode. However, the bulk solvation sheath far 

away from this interface should remain a constant out of the outer Helmholtz plane, beyond which 

the Li+ ion concentration is unchanged. Therefore, the energy of the oxidized states with Li+ ions 

in bulk electrolyte, Ebulk(oxi), is extrapolation by subtracting the energy difference (∆Esol) induced 

by Li+ ion concentration (seen in Fig. S4). The de-solvation barrier is then defined by 

∆Edes=Esurf(oxi)- Ebulk(oxi). The energy landscape at =0.14 e nm-2 shows that the migration of Li+ 

ion inside the Li2CO3 layer is driven by the electric field, as the total energy decreases at the Li+ 

ion moves closer to the Li/Li2CO3 interface. The electric potential  drops through the Li2CO3 𝜙(𝑥)

layer (1.2 nm) estimated from the classical model is ~0.3 eV (show in Fig. S2). This is consistent 

with the ~0.1 eV drop as Li+ ion travels ~0.6 nm distance inside the Li2CO3 layer. (also shown in 

the SCC-DFTB data in Fig. 4b). The energy change inside the Li2CO3 was not calculated for other 

 values. We simply took the energy of the Li+ ion in the middle of the Li2CO3 layer and define 

its difference with respect to the reduced state as the Li+ ion transport barrier through the SEI as 

∆Ediff=E(SEI)- Esurf(red) (Fig. 5).

3.5 Desolvation Energy Barrier and the EDL Structure  

Fig. 6a shows the desolvation barrier obtained from Fig 5. The desolvation energy barrier 

decreases with a more negative charge density on the Li electrode. Around the electrochemical 

equilibrium potential or the experimentally defined zero-volt for Li+/Li0, the desolvation barrier is 

about  eV within the range of charge density corresponding to the equilibrium state, 0.49 ± 0.04

corresponding to charge density of  e nm-2. This barrier is comparable to the 0.62 ± 0.12
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experiment activation energies of ~0.5 eV at an SEI covered graphite/EC:DMC electrolyte 

interface.27, 28, 51 

Fig. 6. (a) Desolvation barriers on EC electrolyte surface at Li/Li2CO3/EC interface as a function 

of charge density on the Li-metal electrode, and (b) the orientations of EC relative to the SEI 

surface under different charge density on Li electrode. Layer 1, 2, and 3 are 4 Å thick regions in 

parallel to the Li2CO3 surface, arranged in the sequence from closer to far away from the surface.  
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At the desolvated state, the solvation sheath changed from Li+(EC)3 to Li+(EC)2 (Fig. 6a inserts) 

with a more negative charge density on the Li-metal electrode. This is because the strong electric 

filed leads to a preferential orientation for the interfacial EC solvents, with their C=O carbonyl 

groups point away from the interface. In order to clarify the effects of the electric field on the 

solvation sheath or the double layer structure near the Li2CO3/EC-electrolyte interface, the 

orientation of EC solvent molecules was quantified as the angle (0˚ ≤ α  ≤ 180˚) between the C=O 

bond direction and the normal of the Li2CO3/EC-electrolyte interface. The angle close to 0˚ 

indicates that C=O bonds point away and from the interface. On the contrary, the angle close to 

90˚ with large standard deviation indicates that C=O bonds are randomly orientated. The 

orientation angle distribution of the EC molecules within different regions away from the interface, 

named as “1 layer”, “2 layer”, and “3 layer”, were analyzed as shown in Fig. 6b and Table S-1 in 

the SI.  More specifically, layer 1 is a 4 Å region next to Li2CO3|EC-electrolyte interface, layer 2 

and layer 3 are 8 Å, and 12 Å further away from the Li2CO3|EC-electrolyte interface.  At neutral 

and low electron density (= 0 and -0.14 e nm-2) the average C=O bond direction angle of all EC 

molecules in the three layers are closed to 90±50˚ indicating all EC molecules are in random 

distribution. At a more negatively charged surface (especially at = -0.70 e nm-2), the EC 

molecules in layers 1 and 2 show a strong preference for the C=O carbonyl group to point away 

from the SEI surface, indicated by their reduced angle and standard deviation. The ordering in 

layer 1 clearly increases with the more negative charge on Li-metal, as the deviation drops from  

52.5˚ at = 0 to 8.0˚ at = -0.70. This preference is attributed to the strong electric field interaction. 

In the electrolyte far away from the interface, namely layer 3, the EC molecules were found to be 

essentially randomly oriented, consistent to the zero potential in the center of the electrolyte shown 

in Fig S2a.

Therefore, the stronger electric field introduces two contributions to the desolvation barrier. 

One is the Coulombic interaction between Li+ ion and the negative potential, resulting in lower 

Esurf(oxi) thus the reduction of the desolvation barrier. On the other hand, the stronger electric field 

tends to align the EC solvents into an ordered structure on the surface of Li2CO3. The Li+ ion 

bonded C=O carbonyl groups must rotate to allow the Li+ ion to be absorbed on the Li2CO3 surface, 

one more EC was lost from the solvation sheath under the stronger negative electric field. This 

causes an increase of the desolvation energy barrier. Obviously, the former effect dominates, thus 

desolvation barrier decreases on the more negatively charged Li-metal electrode.
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3.6 Li+ Ion Transport through the SEI Layer

Fig. 7 The energy barriers of a Li+ ion to form and transport in the Li2CO3 at the Li/Li2CO3/EC 

interface as a function of charge density on the Li-metal electrode.

Fig. 7 shows the Li+ ion transport energy barrier in Li2CO3 lattice obtained from the energy 

landscape in Fig 5. Note the transport of Li+ ion in a Li2CO3 lattice is limited by the concentration 

of Li+ ion interstitials, as its formation energy (depends on Li chemical potential) is much larger 

than its diffusion barrier. In Li2CO3, the DFT predicted defect formation energy, in equilibrium 

with Li-metal, is ~0.5 eV and the diffusion barrier is ~0.3 eV.52, 53 The current model only captured 

the stable structure with Li+ ion on the interstitial sites, not the diffusion barrier. So Fig. 7 means 

the formation energy of the interstitial Lii
+ in Li2CO3 layers (Ef) is about 0.80-0.90 eV at σ=-0.14 

e nm-2. The formation energy of Li+ ion in Li2CO3 decreased with the more negative charges on 

the Li-metal, due to Coulombic interaction as shown in Fig. 7. The Ef is about 0.56 eV at zero 

voltage, which is consistent with that from DFT.52, 53 The diffusion energy barrier of Li+ ion in 

Li2CO3 at zero voltage can be estimated as the summation of the formation energy and diffusion 

barrier, or Ef + Em = 0.56+0.30=0.86 eV, which is slightly larger than that at graphite electrode of 

the 0.66 eV value from electrochemical impedance spectroscopy measurements.21 This relatively 
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high energy barrier might is due to the use of the perfect crystalline Li2CO3. If there are existing 

interstitials, Li+ ion transport may not be limited by its formation energy anymore. 

From the energy landscape, it seems that Li+ ion needs to desolvate then transport through the 

interstitial sites in Li2CO3 before it annihilates with the electron. Under the current framework, it 

can be seen the Li+ ion transport through the SEI is the rate-limiting step. As the current model 

used a perfect Li2CO3 crystal representing the SEI, it ignored the heterogeneity and any defects in 

the SEI. The defective Li2CO3 at room temperature may have a much-reduced diffusion barrier 51.

3.7 Derived the Charge Transfer Coefficient Based on the Computed Energy Landscape 

Overall the variation of the energy landscape with the over potential  can lead to a direct 𝜂

estimation of the charge transfer coefficient, , in the Bulter-Volmer equation. The top curve in 𝛼

Fig. 5 signifies the equilibrium condition, where  The decrease of the excess electrons on 𝜂 = 0.

the Li-metal electrode, leads to depletion of Li with  . One can assume a linear relationship 𝜂 > 0

between  and . Then , where  is the energy barrier for the overall charge transfer 𝛼 =
∂𝐸𝑎

∂𝜙 𝐸𝑎

reaction. When  = -0.14 e nm-2, the over-potential , the energy barrier is ~0.87 eV, it 𝜂~1.4 𝑉

dropped to 0.56 eV at the equilibrium . Thus, it is estimated that . This means the 𝜂 = 0 𝛼~0.22

Bulter-Volumer equation is 

. (9)𝑖 = 𝑖𝑓 ― 𝑖𝑏 = 𝑖0[exp(0.22𝐹𝜂
𝑅𝑇 ) ― exp(0.78𝐹𝜂

𝑅𝑇 )]
Thus the Li charge transfer reaction is not symmetric. On the other hand, it means, the energy 

barrier is lowered more during delithiation than lithiation. This is consistent with the energy barrier 

measurements that gave the unsymmetrical property of Li+ ion cells of fast discharging but slow 

charging 25-27. This is also consistent with the polarized curve measurements that gave  varying 𝛼

from 0.11 for pure DMC to 0.24 for pure PC. 3

4.  Conclusions

In summary, the modeling revealed many details for the charge transfer reaction at the 

Li/Li2CO3/EC-electrolyte interface. First, it is important to note the zero-volt for Li+/Li0 does not 

occur on a zero-charged Li-metal electrode. The reaction energy shows that Li+ ion is much more 

energetically favorable to be dissolved in the electrolyte on a zero-charged Li-metal electrode, 
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indicating the SEI is a necessary kinetic barrier to prevent complete solvation of Li-metal into the 

electrolyte. At the electrochemical equilibrium or the experimentally defined zero-voltage for 

Li+/Li0, the Li-metal surface is negatively charged (~  e nm-2). During delithiation, Li+ 0.62 ± 0.12

ion would be stripped from the surface non-uniformly and form a large void on the Li-metal surface, 

suggesting the need for a compressive stress to avoid SEI delamination.  During lithiation, it was 

demonstrated the annihilation of Li+ ion and electron is at the Li/SEI interface, for an idealized 

defect free SEI.  The overall Li+ ion desolvation energy barrier decreases with the negative charge 

density on the Li-metal surface. At the voltage of Li-plating, the electric field orients the EC 

electrolyte molecules into an ordered surface structure.  The Li+ ion transport in the SEI is limited 

by the formation of Li+ ion interstitials in crystalline Li2CO3, and the negative charge density 

decreases the formation energy the Li+ ion interstitials, thus helps the Li+ ion transport through the 

SEI. Further, the charge transfer coefficient, α, in the Butler-Volmer equation was directly 

predicted from the computed energy landscape. A nonsymmetric α~0.22 is predicted, consistent 

with the experimental measurements. Thus, this model enables a bottom-up multiscale modeling 

approach for ion-transfer electrochemical reactions.  
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Electrochemical reactions, occurring at the interface between a solid electrode and a liquid 
electrolyte, hold the key to designing energy conversion and storage technologies. However, 
considerable gaps remain in the fundamental understanding of the charge transfer pathways on a 
non-pristine metal surface, which is common for real-world applications. The Li-metal electrode, 
promising high energy density rechargeable batteries, amplifies the challenge as the Li-metal 
electrode is always covered by a layer of solid electrolyte interphase (SEI). This article develops a 
half-cell model based on the Li/SEI/electrolyte interface in order to compute the charge transfer 
reaction energy landscape with quantum precision. The new model showed the charge transfer 
reaction occurs at the Li/SEI interface if the SEI is ideal. It further showed the Li-metal surface is 
negatively charged most of the time during lithiation and delithiation. The negatively charged 
surface has a profound impact on the electrolyte structure and the charge transfer reaction 
kinetics.  Finally quantifying the energy landscape under different potential leads to a directly 
computed charge transfer coefficient used in the Butler-Volmer equation, which is typically obtained 
through fitting experiments. In summary, this method enables a bottom-up multiscale modeling 
approach for ion-transfer electrochemical reactions.
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