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Abstract

Spontaneous chemical reactivity at multivalent (Mg, Ca, Zn, Al) electrode surfaces is critical to 
solid electrolyte interphase (SEI) formation, and hence, directly affects the longevity of batteries. 
Here, we report an investigation of the reactivity of 0.5 M Mg(TFSI)2 in 1,2-dimethoxyethane 
(DME) solvent at a Mg(0001) surface using ab initio molecular dynamics (AIMD) simulations and 
detailed Bader charge analysis. Based on the simulations, the initial degradation reactions of the 
electrolyte strongly depend on the structure of the Mg(TFSI)2 species near the anode surface. At 
the surface, the dissociation of Mg(TFSI)2 species occurs via cleavage of the N-S bond for the 
solvent separated ion pair (SSIP) and via cleavage of the C-S bond for the contact ion pair (CIP) 
configuration. In the case of the CIP, both TFSI anions undergo spontaneous bond dissociation 
reactions to form atomic O, C, S, F, and N species adsorbed on the surface of the Mg anode. These 
products indicate that the initial SEI layer formed on the surface of the pristine Mg anode consists 
of a complex mixture of multiple components such as oxides, carbides, sulfides, fluorides, and 
nitrides. We believe that the atomic level insights gained from these simulations will lay the 
groundwork for the rational design of tailored and functional interphases that are critical for the 
success of multivalent battery technology.

Keywords: Mg-Battery, Solid-Electrode Interface, Density functional theory, Ab initio Molecular 
Dynamics, Interfacial reactivity, Reaction mechanisms
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Introduction
The widespread adoption of clean energy, such as solar and wind, and the electrification 

of the transportation sector requires development of next generation energy storage 
technologies that are safer, cheaper, and possess higher energy density compared to state-of-
the-art Li ion batteries1,2,3,4. Multivalent batteries, especially those using divalent metallic Mg, Ca, 
and Zn as anode materials, are promising alternatives to conventional Li ion batteries due to their 
abundance, better chemical stability, and higher theoretical specific capacity5,6,7. However, there 
are several fundamental challenges associated with the development of next-generation 
multivalent batteries. Lack of compatible electrolytes with the metallic anodes, stable electrode-
electrolyte interphases, reversible plating, and stripping of divalent cations are some of the 
crucial challenges7,8. The decomposition of salt and solvent molecules in the electrolyte at the 
anode surface can form a multi-layered passivating film known as the solid electrolyte interphase 
(SEI), consisting of various organic and inorganic components9,10. In the case of Li-ion batteries, 
the SEI film is  ionically conducting and electronically insulating. Thus, it allows the diffusion of Li 
ions through the electrode-electrolyte interphase and prevents continuous degradation of 
electrolyte at the anode surface. As mentioned earlier, in multivalent batteries the design of 
stable and functional SEI layers is still an outstanding challenge11,12,13, where a fundamental 
understanding of the structure and composition of the SEI layer is essential, but currently lacking. 

Experimental studies have focused on identifying suitable solvent and salt combinations 
that allow reversible electrodeposition of multivalent metal ions. For example, Ca containing 
salts, such as Ca(ClO4)2 and Ca(BH4)2, in tetrahydrofuran (THF) solvent have shown reversible 
plating and stripping of Ca14,15. Similarly, in the case of Mg batteries, electrolytes containing 
ether-based solvents (e.g., tetrahydrofuran (THF) and glymes) have been successfully used for 
reversible plating and stripping of Mg16,11. Several experimental studies have reported improved 
plating and stripping performance of Mg containing electrolytes in the presence of chloride (Cl-) 
ions17,18,19,20. The improved performance in the presence of Cl- ions is attributed to the presence 
of surface adsorbed anionic (Cl-) species resulting in better stability of the salt at the Mg anode. 
Connell et al.21 reported the cooperative effect of multiple anions in improving the reversibility 
of non-aqueous electrolytes in the mixed-anion systems. The authors reported anion association 
strength as the common descriptor for improved reversibility of divalent metal salts in non-
aqueous solvents. The structure and conformational variations of the 
bis(trifluoromethanesulfonyl)imide (TFSI) anion of the Mg(TFSI)2DME (DME: dimethoxy ethane) 
adduct have been investigated using a combination of solid state nuclear magnetic resonance 
(NMR) spectroscopy and quantum mechanical calculations22. The cis and trans conformers of the 
TFSI anion have been identified and the cis-trans conversion rates at different temperatures have 
been computed. Hahn et al.23 reported the important role of the interplay between the cation-
anion and cation-solvent coordination strengths on the Ca electrodeposition. These 
investigations show that progress has been made in the development of suitable electrolytes and 
the understanding of their electrochemical responses for multivalent batteries. However, 
improvements in the interfacial stability, ionic conductivity, and cycle lifetime of these 
electrolytes are needed for their application in commercial multivalent batteries. The design of a 
stable and functional SEI layer in multivalent batteries requires a detailed molecular level 
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understanding of the complex electrochemical reactions of the salt and solvent species of the 
electrolyte with the anode surface.

Theoretical methods, such as density functional theory (DFT) and classical molecular 
dynamics (MD) simulations, have provided crucial insights into the bulk structure of the liquid 
electrolytes and their atomic-level interactions with the anode surface24,25,26,27,28,29. Selected 
investigations are discussed here. Ab initio molecular dynamics (AIMD) simulations have been 
performed to understand the decomposition reaction mechanisms and surface reactivity of 
commonly used Li salts (LiTFSI, LiFSI) with the Li metal surface for applications in Li-S batteries30-

33. These AIMD simulations have provided novel insights into the role of charge transfer from the 
Li metal surfaces in the reactivity and decomposition mechanisms of the electrolytes. The LiFSI 
salt was found to undergo extensive decomposition forming LiF as the major SEI product. In 
comparison, the reduction reaction of the LiTFSI salt results in formation of larger fragments as 
the initial SEI components30. The AIMD simulations have also shown higher reactivity of charged 
Li metal surfaces toward electrolyte decomposition. The salt and solvent molecules of the various 
electrolytes were found to decompose to a greater extent under electron-rich conditions32,33. 
The effect of surface passivation layers, such as Li2O, LiOH, and Li2CO3 on the reactivity of the 
LiTFSI salt in DME solvent has been investigated using a combination of AIMD simulations and X-
ray photoelectron spectroscopy (XPS) measurements34. These predictive simulations allow for 
identification of key SEI products formed during early stages of electrolyte decomposition at the 
surface of the anode. Recently, Young et al.35 performed AIMD simulations to investigate the 
decomposition reaction mechanism of ethylene carbonate (EC) (a commonly used solvent in Li 
ion batteries) on the Ca (001) surface. The authors reported two distinct mechanisms of EC 
decomposition resulting in the formation of carbon monoxide (CO) and carbonates. They also 
investigated the effect of the presence of Ca(ClO4)2 salt on the decomposition mechanism of EC 
molecules and proposed key SEI products, such as CaO, Ca(OH)2, and CaCO3 formed on the 
surface of the Ca metal anode. Similarly, AIMD simulations of EC-based electrolytes containing 
LiPF6, Ca(PF6)2, and AlCl3 as the salt have been performed to understand the reactivity of the 
electrolytes with Li, Ca, and Al metal anodes, respectively36. The AIMD simulations showed faster 
decomposition of EC solvent molecules on Li and Ca anodes, which was attributed to faster 
charge transfer rates from Li and Ca surfaces as compared to a reference Al (001) surface. Das et 
al., performed simulations that compare the reactivity and stability of ethyl methyl carbonate 
(EMC) and EC solvent molecules with pure Al and lithiated Al anode surfaces37. The higher 
stability of EMC compared to EC is attributed to less charge transfer from the Al and LiAl surfaces, 
respectively. Lowe et  al.38 carried out nudged elastic band (NEB) calculations to compute the 
energy barriers and identify reaction pathways for decomposition of dimethoxy ethane (DME) 
solvent molecules on Mg (0001), MgO (100), and MgCl2 (0001) surfaces. Based on this 
investigation, the higher energy barriers for decomposition of DME on MgO (100) and MgCl2 
(0001) surfaces indicate the relatively inert nature of these surfaces compared to the pristine Mg 
(0001) surface for electrolyte decomposition. Baskin et.al., used DFT and AIMD simulations to 
demonstrate the critical role of solvation structure in the reductive stability of the contact-ion 
pair configurations of Mg(TFSI)2 salt in diglyme solvent39. It is clear from these previous studies 
that atomistic modeling provides a molecular level understanding of the interfacial reactivity of 
electrolytes to complement and guide experimental observations. 
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In this paper, we report the results of AIMD simulations performed to understand the 
reactivity and decomposition pathways of an electrolyte consisting of 0.5 M Mg(TFSI)2 salt in DME 
solvent on a pristine Mg (0001) surface. The effect of the initial structure of the Mg(TFSI)2 salt 
near Mg(0001) surface on the degradation pathway is investigated. We have modeled the 
interactions of two configurations of the electrolyte with the Mg anode surface: (i) a solvent 
separated ion pair (SSIP) and (ii) a contact ion pair (CIP) as shown in Scheme 1. The SSIPs and CIPs 
are likely  bulk solvation structures of divalent metal salts in non-aqueous solvents, such as 
acetonitrile, dimethylsulfoxide (DMSO), 1,2-dimethoxyethane (DME), and tetrahydrofuran (THF), 
as observed in experiments40 and classical molecular dynamics (MD) simulations41. In the case of 
the SSIP configuration, the first solvation shell of the cation is composed of multiple solvent 
molecules, whereas in the CIP configuration, the first solvation shell of the cation consist of a 
combination of one or more anionic species and multiple solvent molecules41, as depicted in 
Scheme 1. The relative abundance of the SSIP and CIP configurations in the bulk electrolyte 
solution is determined by the complex interplay between cation-solvent and cation-anion 
interaction strengths40. In this paper, we report likely decomposition products generated during 
the initial stages of SEI formation on the Mg anode surface for the two configurations shown in 
Scheme 1. We also report a detailed charge analysis to understand the effect of charge transfer 
from the Mg (0001) surface on the reactivity of the electrolyte. The technical details of the 
methodology and simulations are provided in the Computational Details section and the 
simulation results are discussed in the Results and Discussion section. We anticipate that the 
reported atomistic simulations of Mg anode-electrolyte reactivity will be useful for establishing 
a molecular level understanding of SEI formation and the future development of multivalent 
battery technology. 

Scheme 1: Schematic representation of the interactions of the solvent separated ion pair (SSIP) 
and contact ion pair (CIP) configurations of the Mg(TFSI)2 salt in DME solvent with a Mg anode 
surface. Each configuration undergoes reduction and subsequent chemical transformation at the 
Mg anode surface to form distinct solid electrolyte interphase (SEI) components. 
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Computational Details:

All the periodic DFT calculations were performed using the VASP software42-45. The 
exchange-correlation energy was determined using the generalized gradient approximation 
(GGA) Perdew-Burke-Ernzerhof (PBE)46 functional coupled with the DFT-D3 method of Grimme 
et al.47 to account for Van der Waals (vdW) interactions. A plane wave basis set with an energy 
cutoff of 450 eV was used to expand the electronic wavefunction and projector-augmented wave 
(PAW)48,49,50 pseudopotentials were used to describe the interactions between core and valence 
electrons. The Brillouin zone integration was performed using Γ k-point for surface calculations. 
The ions in the computational cell were allowed to relax until the forces on all the atoms were 
less than 0.04 eV/Å. The Mg anode was modeled using a 5-layer Mg (0001) surface slab consisting 
of 6x6 unit cells in the surface plane. A 15 Å vacuum layer was introduced to avoid interaction of 
the surface plane with the periodic image. The optimized geometry of the 5-layer Mg (0001) 
surface slab is shown in Figure 1(a). 

The reactivity and stability of the liquid-phase electrolyte, consisting of Mg(TFSI)2 as the 
salt and DME as the solvent, with a pristine Mg (0001) surface was investigated using AIMD 
simulations. The initial configuration of the liquid-phase electrolyte was generated using the 
PACKMOL51 code. The volume of the vacuum region was computed based on the lateral (X and 
Y) dimensions of the Mg (0001) surface slab (i.e., ~18Å x ~16Å) and the available height of the 
vacuum region above the surface slab (~12Å) as depicted in Figure 1(a). The electrolyte system is 
placed such that there is a gap of ~1.5 Å between the top layer of the Mg (0001) surface slab and 
the electrolyte as well as the periodic image of the bottom layer and the electrolyte to avoid high 
forces between the atoms of the surface slab and the liquid electrolyte in the initial configuration. 
The total number of solvent molecules required to fill the volume of the vacuum region were 
calculated based on the density of DME solvent (0.87 g/cm3) and molar mass of DME solvent 
molecule. A total of twenty DME solvent molecules were added to the vacuum region of the 
surface slab. The Mg(TFSI)2 salt species was then added by replacing 1 DME solvent molecule 
with 1 Mg(TFSI)2 salt species to achieve a salt concentration of ~0.5 M, consistent with 
concentrations reported in the literature52,53. The optimized gas-phase structures of the DME 
solvent molecule and the Mg(TFSI)2 salt species were computed from cluster calculations using 
the Gaussian 1654 software at the wb97xd/6-31+G(d,p)55 level of theory (DFT). The optimized 
geometries of the Mg(TFSI)2 salt and DME solvent molecule from the cluster calculations are 
shown in Figure 1 (b) and (c), respectively. 

We propose three configurations of the liquid electrolyte. The initial model systems of 
the Mg surface slab in contact with liquid electrolyte in three configurations, consisting of 515 
atoms (including atoms of the solvent and salt molecules), were first optimized using periodic 
DFT. The optimized geometries for the three configurations are shown in Figure 1(d)-(f). The first 
electrolyte configuration corresponds to a solvent separated ion pair (SSIP), where the Mg2+ 
cation and two TFSI anions do not interact directly  with each other and are completely solvated 
by the DME molecules, as shown in Figure 1 (d). Here, the two TFSI anions are placed closer to 
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the Mg(0001) surface slab as compared to the Mg2+ cation to understand the reactivity and 
decomposition pathways of TFSI anion species at the Mg anode surface. Recently, Baskin et.al. 
employed free energy sampling techniques to report that anions and negatively charged contact-
ion pairs can reach much closer (~3-4 Å) to the surface of neutral and negatively charged 
graphene electrode as compared to the divalent cation (~6.5 Å) without experiencing a significant 
free energy barrier56. Such observations justify the relevance of the specific SSIP configuration 
modeled in this work. The second configuration corresponds to a contact ion pair (CIP), where 
the Mg2+ cation and two TFSI anions are in direct contact with each other, and the Mg(TFSI)2 
species is solvated by the DME molecules. We modeled two scenarios for the CIP configuration, 
denoted as CIP-1 and CIP-2. In the first scenario (CIP-1), the Mg(TFSI)2 species is placed near the 
Mg(0001) surface as shown in Figure 1 (e). In the second scenario (CIP-2), the Mg(TFSI)2 species 
is placed relatively far from the surface (~8 Å from top surface layer) as shown in Figure 1 (f) to 
study the effect of proximity of the anode surface on the reactivity of the salt. The two TFSI anions 
in the salt species, denoted here as TFSI-1 and TFSI-2, are marked using blue and red boxes, 
respectively, for identification and discussion of the reaction mechanism of each anion species. 

AIMD simulations were carried out using the optimized structures with a time step of 1 fs 
for a total duration of 10 ps. We replaced the mass of the hydrogen atoms of the DME solvent 
molecules with the mass of tritium to achieve higher time steps, consistent with the literature31. 
All the AIMD simulations were carried out using Γ k-point. The AIMD simulations were performed 
using NVT ensemble at a temperature of 750 K. The temperature oscillations during the AIMD 
simulations are controlled using the Nose thermostat. The variation of the temperature as a 
function of time for the three AIMD simulations (SSIP, CIP-1 and CIP-2) are shown in Figure S1 of 
the supplementary information. We performed additional benchmarking AIMD simulations using 
the SSIP configuration of the Mg(TFSI)2 species at lower temperatures of 350 K and 650 K, as 
discussed in the Results and Discussion section. We also performed Bader charge analysis57-60 to 
understand the effect of charge transfer on the stability of the electrolyte during the AIMD 
simulations. The Bader charges of all the atoms of the TFSI anions (TFSI-1 and TFSI-2), DME 
solvent, and Mg surface slab were computed as a function of time for the entire trajectory of the 
AIMD simulations.
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Figure 1: Optimized geometry of (a) pristine Mg (0001) surface slab, (b) Mg(TFSI)2 salt, and (c) 
DME solvent molecule. Optimized geometries of Mg (0001) surface slab in contact with 
electrolyte (0.5 M Mg(TFSI)2 salt in dimethoxy ethane (DME) solvent) in (d) solvent separated ion 
pair (SSIP) configuration, (e) contact ion pair (CIP-1) configuration where Mg(TFSI)2 salt is placed 
near the surface, (f) contact ion pair (CIP-2) configuration where Mg(TFSI)2 salt is placed at a 
distance of ~8 Å from the top layer of the surface. The TFSI-1 and TFSI-2 anions are marked using 
blue and red boxes, respectively. The color codes for the atoms are: green: surface Mg, orange: 
salt Mg, red: O, yellow: S, blue: N, grey: C, cyan: F and white: H. The salt and solvent molecules 
in (d)-(f) are shown using ball-stick and stick representations, respectively.  

Results and Discussion:

Solvent Separated Ion Pair (SSIP) Configuration:
The reactivity of the electrolyte (0.5 M Mg(TFSI)2 salt in DME solvent) with the pristine 

Mg (0001) surface was studied using AIMD simulations to understand the degradation reaction 
mechanisms and the key SEI products formed during the initial stages of electrolyte 
decomposition on the anode surface. Our first step was to determine a suitable temperature for 
the AIMD simulations to observe electrolyte degradation reactions within the limited duration of 
the AIMD simulations (i.e., 10 ps). Thus, we performed benchmarking simulations using the SSIP 
configuration of the Mg(TFSI)2 salt at three different initial temperatures (350, 650, and 750 K) 
below the melting point of Mg (Tm of Mg metal is 923 K)  for 10 ps each. At temperatures of 350  
and 650 K, we did not observe reaction between the salt or the solvent molecules and the anode 
surface within the time frame of the AIMD simulations (see Figure S2 (a) and (b), respectively in 
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the supplementary material). However, at 750 K one of the two TFSI anions undergoes rapid bond 
dissociation reactions forming various degradation products on the Mg (0001) (see Figure S2 (c)). 
In order to investigate the thermal stability of the electrolyte, we performed two additional AIMD 
simulations of the SSIP configuration of the bulk electrolyte system without the Mg (0001) 
surface slab at temperatures of 350 K and 750 K for 10 ps each. The electrolyte is observed to be 
thermally stable at both the temperatures within 10 ps of the AIMD simulations as shown by the 
initial (t = 0 ps) and final (t = 10 ps) configurations of the electrolyte system at temperatures of 
350 K and 750 K in Figure S3 of the supplementary information. We also compared the radial 
distribution functions (RDFs) of the final configurations of the bulk electrolyte (after 10 ps AIMD 
simulation) at 350 K and 750 K to understand the effect of temperature on the bulk solvation 
structure of the electrolyte as discussed in Figure S4 of the supplementary information. Based on 
this initial examination, all the subsequent AIMD simulations reported in this work were 
performed at a temperature of 750 K for a duration of 10 ps.

Figure 2: (a)-(f) Six representative snapshots at various times (t) from AIMD simulation at 750 K 
showing the reductive reaction pathway of Mg(TFSI)2 species in DME solvent in the SSIP 
configuration on the Mg(0001) surface. The color code of the atoms is the same as described in 
Figure 1. Selected molecular fragments in each snapshot are marked by dashed black circles to 
show their presence.
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Six representative snapshots of the Mg(TFSI)2 species in the SSIP configuration depicting 
the chemical transformation of the TFSI-1 anion during the simulation are shown in Figure 2 (a)-
(f). The TFSI-2 anion of the Mg(TFSI)2 species is not shown here for clarity and its structural 
transformations are discussed separately in Figure S2. As shown in Figure 2 (a), the first step in 
the dissociation reaction pathway is cleavage of the N-S bond of the TFSI-1 moiety at ~1.1 ps 
resulting in the formation of NSO2CF3 and SO2CF3 (the latter marked by a dashed black circle) 
fragments. Subsequently, as shown in Figure 2(b), dissociation of the C-S bond of the SO2CF3 
fragment forms SO2 and CF3 fragments at a time of ~1.4 ps. Note that the CF3 fragment is marked 
by a dashed black circle. Within the next 1 ps, the CF3 and SO2 fragments dissociate into individual 
elemental components (i.e., C, F, S, and O atoms) which remain adsorbed on the Mg anode 
surface, as shown in Figure 2(c). The CF3 fragment undergoes 3 sequential and spontaneous C-F 
bond dissociation reactions forming CF2, CF, and a C atom, respectively. As shown in Figure 2(d), 
the remaining NSO2CF3 fragment starts to dissociate via cleavage of the C-S bond, forming 
another CF3 fragment (shown by a dashed black circle) and NSO2 fragment at 2.5 ps. Within the 
next 1.5 ps, the CF3 and NSO2 fragments dissociate into their elemental components via cleavage 
of C-F, S-O, and N-S bonds, as shown in Figure 2(e). The resulting elemental constituents (i.e., C, 
F, S, O, and N atoms) stay adsorbed on the Mg surface for the remaining simulation time, as 
shown in Figure 2(f). It should be noted that the O and C atoms intercalate into the subsurface 
layer of the Mg slab forming a network of MgO and MgC species. In comparison, the S and F 
atoms remain adsorbed on the top layer of the Mg (0001) surface resulting in formation of MgF2 
and MgS species. Thus, the TFSI-1 anion undergoes complete dissociation within ~4 ps of 
simulation time at 750 K. The TFSI-2 anion of the Mg(TFSI)2 species remains stable for the entire 
duration of the simulation, as shown by the initial (at t = 0 ps) and final (at t = 10 ps) configurations  
of the TFSI-2 anion (Figure S5). Additionally, the DME solvent molecules remain stable and do not 
undergo any degradation reaction with the Mg anode surface during 10 ps of AIMD simulation. 
We note that the DME solvent molecules have been reported to be stable in previous AIMD 
simulations of electrolyte reactivity with Li metal anodes in Li-S batteries31,30. Detailed movies 
showing the entire AIMD simulation of the reductive reaction of the TFSI-1 and TFSI-2 anions of 
Mg(TFSI)2 in the SSIP configuration are provided in movies S1 (a) and (b), respectively of the 
supplementary material. We performed an additional AIMD simulation of the SSIP configuration 
of the electrolyte where Mg2+ cation and the two TFSI anions are placed near and far from the 
Mg (0001) surface slab, respectively to investigate the effect of the proximity of surface on 
reactivity of TFSI anions. The AIMD simulation is carried out for a total duration of 5 ps. The 
comparison of the initial (t = 0 ps) and final configurations (t = 5 ps) of the system (see Figure S6 
of the supplementary information) shows that TFSI anions remain stable and do not undergo 
decomposition reaction within 5 ps of AIMD simulations. It is clear from the simulation that the 
electron transfer from the Mg (0001) surface slab drives the reductive decomposition of TFSI 
anions at the anode surface and longer duration AIMD simulations are needed to study the 
reactivity of TFSI anions which are located away from the anode surface. 
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Contact Ion Pair (CIP-1) Configuration:
Snapshots of the electrolyte in the CIP-1 configuration at different times during the AIMD 

simulation, depicting the degradation reaction mechanism of the TFSI-1 molecule, are shown in 
Figure 3(a)-(f). For clarity, the TFSI-2 molecule is not shown in the snapshots and its 
decomposition mechanism is discussed separately (see Figure S3). The starting complex is shown 
in Figure 3(a). As shown in Figure 3(b), the first bond dissociation reaction for the TFSI-1 anion is 
the cleavage of the S-CF3 bond at a time of ~0.2 ps resulting in formation of the CF3 fragment 
(marked by a dashed black circle) which adsorbs on the Mg (0001) surface. The CF3 fragment is 
highly reactive and rapidly dissociates into a C atom and three F atoms via three sequential C-F 
bond dissociation reactions. The C atom migrates to the subsurface layer of the Mg anode while 
the F atoms form a network of MgF2 species. Within the next ~1 ps, another CF3 fragment 
(marked by a dashed black circle) forms via a second S-CF3 bond dissociation reaction, as shown 
in Figure 3(c). This CF3 fragment is released away from the Mg anode surface and remains 
solvated by DME molecules for the duration of the AIMD simulation without undergoing further 
reaction. Thus, it is clear that rapid dissociation of the CF3 fragment into C and F atoms via C-F 
bond dissociation reactions is triggered by direct interaction of the CF3 fragment with the Mg 
(0001) surface. Decomposition of the remaining N(SO2)2 fragment via N-S and multiple S-O bond 
dissociation reactions, leading to formation of NSO species (shown by a dashed black circle), is 
shown in Figure 3(d). The O atoms react with the Mg surface to form a MgO network. The NSO 
fragment remains stable for the next ~5 ps of the AIMD simulation before dissociating into 
individual elemental constituents, (i.e., N, S, and O atoms) via cleavage of S-O and N-S bonds, as 
shown in Figure 3(e). No further reactions occur among the elemental species for the duration 
of the simulation, as shown in Figure 3(f).
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Figure 3: (a)-(f) Six representative snapshots at various times (t) from AIMD simulation at 750 K 
showing the reductive reaction pathway of the TFSI-1 anion of Mg(TFSI)2 in the CIP-1 
configuration on a Mg(0001) surface. The color code of the atoms is the same as described in 
Figure 1. Selected molecular fragments in each snapshot are marked by dashed black circles to 
show their presence.

The decomposition reaction mechanism of the second TFSI anion (TFSI-2) is similar to the 
TFSI-1 degradation pathway described above. Representative snapshots depicting the reductive 
reaction mechanism of the TFSI-2 anion are shown in Figure S7(a)-(f). The decomposition of the 
TFSI-2 anion also starts via cleavage of the S-CF3 bond at ~3 ps. However, the TFSI-2 anion does 
not undergo complete dissociation into its elemental constituents within 10 ps of AIMD 
simulation. Similar to the SSIP case (Figure 2), the DME solvent molecules in CIP-1 remain stable 
and do not undergo reduction reaction with the Mg (0001) surface during the time frame of the 
AIMD simulation. Detailed movies showing the entire AIMD simulation of the reduction reactions 
of the TFSI-1 and TFSI-2 anions of Mg(TFSI)2 species in the CIP-1 configuration are provided in 
movies S2 (a) and (b), respectively, of the supplementary material.
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Contact Ion Pair (CIP-2) Configuration:
We also performed AIMD simulations to probe the effect of the proximity of the Mg 

surface on the reactivity of the Mg(TFSI)2 salt species in the CIP configuration. In CIP-2 
configuration, we placed the Mg(TFSI)2 species at a distance of ~8 Å from the top layer of the Mg 
(0001) surface (Figure 1(f)). In this scenario, the Mg(TFSI)2 species do not undergo extensive 
decomposition compared to the two previous cases (Figure 2 & 3) where Mg(TFSI)2 was placed 
adjacent to the surface. Snapshots of the simulation depicting the reaction mechanism of the 
TFSI-1 anion in the CIP-2 configuration are presented in Figure 4. The TFSI-2 anion of the 
Mg(TFSI)2 species is not shown for clarity. The TFSI-2 anion does not undergo a reduction reaction 
with the Mg surface and remains stable for the entire duration of the simulation, as shown by 
the initial (at t = 0 ps) and final (at t = 10 ps) snapshots (see Figure S8). In Figure 4(a), the initial 
complex at t = 0 ps is shown. In Figure 4(b), the TFSI-1 anion loses a CF3 group (marked by a 
dashed black circle) at ~0.3 ps via cleavage of the S-CF3 bond. As shown in Figure 4(c)-(e), the CF3 
group further reacts with the Mg (0001) surface and dissociates into C and three F atoms via 
three sequential C-F bond dissociation reactions within ~0.3 ps. The CF2 and CF groups are 
highlighted by dashed black circles in Figure 4(c),(d), respectively. The three F atoms and the C 
atom remain adsorbed on the surface for the duration of the simulation. As shown in Figure 4(f), 
the rest of the salt molecule remains stable and does not undergo further decomposition within 
10 ps of simulation. Similar to the previous cases (Figure 2: SSIP and Figure 3: CIP-1), the DME 
solvent molecules remain stable for the entire duration of the AIMD simulation. Based on these 
simulations, the Mg (0001) surface plays a critical role in driving the decomposition reaction of 
Mg(TFSI)2 species in DME solvent. Similar behavior has been reported for the LiTFSI salt in 
previous AIMD simulations where LiTFSI undergoes limited decomposition when placed relatively 
far from the Li metal anode surface31. Detailed movies showing entire AIMD simulations of the 
reduction reactions of the TFSI-1 and TFSI-2 anions of Mg(TFSI)2 in the CIP-2 configuration are 
provided in movies S3(a,b), respectively of the supplementary material. 

It is clear from these AIMD simulations that the initial configuration of the Mg(TFSI)2 
species near the Mg anode surface impacts the degradation reaction mechanism and the extent 
of TFSI decomposition. For example, dissociation of the Mg(TFSI)2 species in the SSIP and both 
CIP configurations begins via cleavage of the N-S and C-S bonds of the TFSI anion, respectively. 
This is in agreement with the trend of DFT computed bond dissociation energies reported in the 
literature41, where the C-S bond dissociation reaction becomes thermodynamically favorable 
when the TFSI anion is paired with a partially reduced Mg+ cation. Furthermore, the first C-S bond 
cleavage reaction in both CIP configurations is more rapid (~0.2-0.3 ps) compared to the first N-
S bond cleavage reaction (~1.1 ps) in the SSIP configuration. 
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Figure 4: (a)-(f) Representative snapshots from AIMD simulation at 750 K showing the reduction 
reaction pathway of Mg(TFSI)2 salt in the CIP-2 configuration on a Mg(0001) surface. The color 
code of the atoms is the same as described in Figure 1. Selected molecular fragments in each 
snapshot are marked by dashed black circles to show their presence.

Bader Charge Analysis:
To understand the role of charge transfer in the stability of the electrolyte, we performed Bader 
charge analyses for every 100 fs step during the AIMD simulations. The Bader charges were 
computed for each atom of Mg(TFSI)2, the DME molecule, and the Mg surface slab. In Figure 5(a), 
the net per-atom charge transferred from the Mg (0001) surface slab to the Mg(TFSI)2 species in 
the SSIP (red line), CIP-1 (blue line), and CIP-2 (green line) configurations is compared. The 
reference is defined as the Bader charges of the Mg atoms of the surface slab at 0 ps. In the SSIP 
configuration, charge transfer from the Mg surface slab starts at ~1 ps, coinciding with the first 
N-S bond cleavage reaction, as described in Figure 2(a). The charge transfer continues until ~4 
ps, after which the net charge of the Mg surface slab saturates at a value of ~24 e/atom for the 
remainder of the simulation (see red line). This observation is consistent with the various 
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decomposition reactions described in Figure 2, where the TFSI-1 molecule adjacent to the metal 
surface undergoes complete dissociation into its elemental constituents within ~4 ps of AIMD 
simulation time. The TFSI-2 molecule does not undergo a degradation reaction with the Mg 
surface within the simulation time. In the case of the CIP-1 configuration of the Mg(TFSI)2 species, 
charge transfer from the Mg slab starts at t = ~200 fs,  as shown by the blue line (larger slope 
than the other red or green lines) in Figure 5(a). This rapid charge transfer results in 
instantaneous dissociation of the S-CF3 bond of the TFSI-1 anion, as shown in Figure 3(b). Here, 
a total charge of ~34 e/atom is transferred from the Mg (0001) surface to the electrolyte during 
10 ps of AIMD simulation time. The larger charge transfer leads to dissociation of both the TFSI-
1 and TFSI-2 anions of the Mg(TFSI)2 salt, compared to dissociation of only one TFSI anion (TFSI-
1) in the SSIP configuration. In the CIP-2 configuration, where the Mg(TFSI)2 salt species is placed 
further away from the surface, the net charge of the Mg surface slab saturates at a value of ~6 
e/atom within ~1 ps of the AIMD simulation, as shown by the green line in Figure 5(a). The initial 
charge transfer from the Mg surface results in dissociation of the S-CF3 bond of the TFSI-1 anion, 
as shown earlier in Figure 4(b). No additional electron transfer occurs between the Mg (0001) 
surface and the Mg(TFSI)2 species for the remainder of the simulation. Thus, the limited reactivity 
of the Mg(TFSI)2 species in the CIP-2 configuration is attributed to the small number of electrons 
transferred from the Mg (0001) surface. Thus, the interaction of the Mg(TFSI)2 species with the 
Mg surface facilitates charge transfer from the anode surface to the salt species that drives the 
decomposition reactions.

Figure 5: Temporal evolution of the change in per-atom Bader charges (Δq, e/atom) of (a) Mg 
(0001) surface slab, atomic species of the TFSI-1 anion of Mg(TFSI)2 species in the (b) SSIP, (c) CIP-
1, and (d) CIP-2 configurations during 10 ps of AIMD simulation time. The reference is taken as 
the Bader charges of the atoms at 0 ps

The extent of charge transfer from the metal surface to the electrolyte is critical to the 
spontaneous chemical reactivity observed during the dynamic simulations. For a detailed 
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analysis, we investigated the net per-atom charge transferred to each atomic species of the TFSI-
1 anion in the Mg(TFSI)2 species in the SSIP, CIP-1, and CIP-2 configurations. The reference is 
defined as the charge of atoms of the TFSI-1 anion at 0 ps. The results are shown in Figures 5(b-
d), respectively. Similarly, the per-atom charges of the atomic species of the TFSI-2 anion as a 
function of time for the three configurations are shown in Figure S9(a-c) of the supplementary 
material. In Figure 5(b), the majority of the charge is transferred to the C (~-5 e/atom) and S (~-
5 e/atom) atoms of the TFSI-1 anion from the Mg (0001) surface in the SSIP configuration. The 
higher amount of charge transferred to the C and S atoms is attributed to complete dissociation 
of the TFSI-1 anion into its elemental constituents (i.e., C, S, O, N, F) which gets adsorbed on the 
surface of Mg (0001) slab within 10ps duration of AIMD simulation. The S atom of the TFSI-1 
anion starts to gain electrons from the Mg (0001) surface at ~1 ps. This initial charge transfer to 
the S atom triggers cleavage of the N-S bond of the TFSI-1 anion at ~1 ps, as previously shown in 
Figure 2(a). In comparison, only a small number of electrons (-0.6 e/atom, -0.3 e/atom, and -0.23 
e/atom) are transferred to the N, O, and F atoms during 10 ps of AIMD simulation time. In 
comparison, the net atomic charges of the TFSI-2 anion oscillate around a constant value of ~0 
e/atom (see Figure S9(a) of the supplementary material) indicating lack of charge transfer from 
the Mg (0001) surface to the atoms of the TFSI-2 anion. Thus, the TFSI-2 anion remains stable 
and does not undergo any degradation reaction with the Mg (0001) surface.

 In the case of the CIP-1 configuration, instantaneous charge transfer to the C and S atoms 
of the TFSI-1 anion triggers cleavage of the S-CF3 bond at ~0.2 ps. The C and S atoms of the TFSI-
1 anion gain a total charge of ~-3 e/atom and ~-5 e/atom, respectively, within 10 ps of AIMD 
simulation time, as shown in Figure 5(c). The smaller number of electrons gained by the C atoms 
of the TFSI-1 anion in the CIP-1 configuration is attributed to the formation of a stable solvated 
CF3 fragment, which does not undergo a reduction reaction with the Mg surface, as described in 
Figure 3. In addition, the C and S atoms of the TFSI-2 anion in the CIP-1 configuration start to gain 
electrons from the Mg (0001) surface at ~3 ps (see Figure S9(b) of the supplementary material). 
This charge transfer to the C and S atoms leads to the first S-CF3 bond dissociation reaction of the 
TFSI-2 anion at a time of ~3 ps. A total charge of ~-4 e/atom and ~-3 e/atom is transferred to the 
C and S atoms, respectively, of the TFSI-2 anion within 10 ps of AIMD simulation time. Thus, both 
of the TFSI anions (TFSI-1 and TFSI-2) of the Mg(TFSI)2 species gain electrons from the Mg(0001) 
surface in the CIP-1 configuration, compared to one TFSI anion (TFSI-1) in the SSIP configuration. 

In the CIP-2 configuration, where the Mg(TFSI)2 salt is placed further away from the 
surface (~8 Å), instantaneous charge transfer occurs between the Mg(0001) surface and the C 
atom of the TFSI-1 anion (within 1 ps of AIMD simulation time), as shown in Figure 5(d). The net 
Bader charge of ~-2.5 e/atom is transferred to the C atom of the TFSI-1 anion. The initial charge 
transfer triggers the S-CF3 bond dissociation reaction leading to formation of the CF3 fragment 
(which dissociates into its elemental constituents, i.e., C and three F atoms), as described in 
Figure 4. No further charge transfer occurs between the Mg (0001) surface and the TFSI-1 anion. 
The charges of the atomic species of the TFSI-2 anion oscillate around ~0 e/atom (shown in Figure 
S9(c)), suggesting no net charge transfer between the Mg (0001) surface and the atoms of the 
TFSI-2 anion during the AIMD simulation. Similarly, the atomic charges of the C and O atoms of 
the DME solvent molecules for the three configurations of the Mg(TFSI)2 salt as a function of 
time, are shown in Figure S10(a)-(c), respectively. The net change in Bader charges of the C and 
O atoms oscillate around average values of ~-0.5 e/atom and ~0.5 e/atom, respectively, for the 
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entire duration of the AIMD simulations of the Mg(TFSI)2 species in the SSIP, CIP-1, and CIP-2 
configurations. The stability of the DME molecules against reduction reaction with the Mg (0001) 
surface is attributed to lack of charge transfer between the surface and the solvent molecules. 
The various bond dissociation reactions and the final fragments formed for each configuration of 
the Mg(TFSI)2 species are summarized in Table 1. 

Table 1: Summary of important chemical events and total per-atom charge transferred (Δq, 
e/atom) to the TFSI anions of the Mg(TFSI)2 species during AIMD simulations of reductive 
degradation reactions of electrolyte on the Mg (0001) surface. Note: * indicate adsorbed species 
on the anode surface. SSIP and CIP denote solvent separated ion pair and contact ion pair, 
respectively. 

SSIP (Figure 2) CIP-1 (Figure 3) CIP-2 (Figure 4)Observation
TFSI-1 TFSI-2 TFSI-1 TFSI-2 TFSI-1 TFSI-2

First Bond 
Cleavage

N-S (~1.1 ps) None C-S (~0.2 ps) C-S (~3 ps) C-S (~0.3 ps) None

Other Bond 
Cleavage

C-S, C-F, S-O None C-F, S-O, N-S C-F, N-S, S-O C-F None

Final 
Fragments

F*, C*, N*, 
S*, O*

None CF3, F*, C*, 
N*, S*, O*

NSO2C, C*, 
F*, S*, O*

C*, F*, 
CF3SO2NSO2

None

Δq (e/atom) ~-1.53 ~0 ~-1.13 ~-1.07 ~-0.47 ~0

Conclusions
In this contribution, we investigated the interaction of the Mg (0001) surface with an 

electrolyte consisting of 0.5 M Mg(TFSI)2 salt species in 1,2-dimethoxyethane (DME) solvent using 
Ab Initio Molecular Dynamics (AIMD) simulations to gain atomic level insights into spontaneous 
interphase formation on pristine Mg anode surfaces. Based on the simulations, the initial 
degradation reactions of the electrolyte strongly depend on the initial structure of the Mg(TFSI)2 
species near the anode surface. Dissociation of the Mg(TFSI)2 species in the SSIP and CIP (CIP-1 
and CIP-2) configurations begins via cleavage of the N-S and C-S bonds of the TFSI anion, 
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respectively. Additionally, the first C-S bond cleavage reaction in the CIP configurations (CIP-1 
and CIP-2) is more rapid (~0.2 - 0.3 ps) compared to the first N-S bond cleavage reaction of the 
TFSI anion in the SSIP configuration (~1.1 ps). In the case of the CIP-1 configuration, both TFSI 
anions of the Mg(TSFI)2 species undergo degradation reactions. In comparison, only one of the 
TFSI anions (TFSI-1) undergoes bond dissociation reactions for the SSIP and CIP-2 configurations. 
The decomposition reactions result in formation of atomic O, C, S, F, and N species adsorbed on 
the surface of the Mg anode. These products indicate that the initial SEI layer formed on the 
surface of the pristine Mg anode consists of a complex mixture of multiple components such as 
oxides, carbides, sulfides, fluorides, and nitrides. The higher reactivity and extensive 
decomposition of Mg(TFSI)2 species in the CIP-1 configuration is attributed to higher Bader 
charge transferred from the Mg anode surface (~0.19 e/atom) during the decomposition reaction 
pathway. In comparison, total charges of ~0.13 e/atom and ~0.03 e/atom are transferred to the 
salt species in the SSIP and CIP-2 configurations, respectively, from the Mg anode surface during 
10 ps of AIMD simulation time. We anticipate that the atomic level insights gained from these 
molecular simulations will lay the groundwork for the design of tailored and functional 
interphases which are critical for the future success of multivalent battery technology. 

Associated Content

Supporting Information: The supporting material includes additional AIMD snapshots for the 
reduction reaction of 0.5M Mg(TFSI)2 salt species in DME solvent on the Mg (0001) surface at 
different temperatures (350, 650, and 750 K). AIMD snapshots and Bader charge analysis of the 
reduction reaction of the TFSI-2 anion of the Mg(TFSI)2 species in the SSIP, CIP-1, and CIP-2 
configurations. Six AIMD simulation movies showing the reduction reaction of the TFSI-1 and 
TFSI-2 anions of the Mg(TFSI)2 species in the SSIP, CIP-1, and CIP-2 configurations on the Mg 
(0001) surface. 
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