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ABSTRACT 

Calcium (ion) batteries are promising next-generation energy storage systems, owing to their numerous 

benefits in terms of performance metrics, low-cost, mineral abundance, and economic sustainability. A 

central and critical area to the advancement of the technology is the development of suitable eletrolytes that 

allow for good salt solubility, ion mobility, electrochemical stability, and reversible redox activity. At this 

time, the study of different solvent-salt combinations is very limited. Here, we present a computational 

study on the coordination environment, solvation energetics, and diffusivity of calcium ions over a range 

of pertinent ionic liquids, cyclic and acylic alkyl carbonates, and specific alkyl nitriles and alkyl 

formamides, using the salts calcium bis(trifluoromethylsulfonyl)imide (Ca(TFSI)2) and calcium perchlorate 

(Ca(ClO4)2). Key findings are that several solvents from different solvent classes present comparable 

solvation environments and mobilities. Ca(TFSI)2 is prefered over Ca(ClO4)2 owing to the former’s mix 

coordination of Ca2+ to O and N atoms. Ionic liquids with alkyl sulfonate anions provide better coordation 

over TFSI, which leads to greater diffusivity. Binary organic mixtures (carbonates) provide the best 

solvation of Ca2+, however, single organic solvents also provide good solvation, such as EC, THF and DMF, 

as well as some acyclic carbonates. Ion pairing with the salt anion is always present, but can be mitigated 

through solvent selection, which also correlates to greater mobility; however, there are examples in which 

strong ion pairing is not significantly adverse to diffusivity. The solvent incorporate into the solvation 

structure with binary organic mixtures correlates well with the solvation capabilities of the individual 

solvents. Finally, we show that ionic liquids (specifically alkyl imidazole (cation) alkyl sulfonate (anion) 

ionic liquids) do not decompose when coordinating at a Ca metal interface, which indicates its promising 

stability. Overall, this study contributes further generalized understanding of the correlation between 

solvent and salt and the resultant Ca2+ complexes and Ca2+ mobility in a range of electrolytes, and reveals 

a range of possible solvents suitable for exploration in calcium (ion) batteries. 
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1. INTRODUCTION 

Calcium (ion) batteries have emerged as potential next-generation electrochemical energy storage 

systems.1-4 As examples of their benefits, calcium is the most abundant alkaline earth element and the 5th 

most abundant element in the Earth’s crust. Ca sourcing is low-cost and of significant global production 

(e.g., crushed lime) to supply its future battery industry. Electrochemically, based on standard reduction 

potentials, calcium can have a similar cell potential as lithium, and greater than magnesium and sodium. 

Kinetically, owing to calcium’s larger ionic radius (1.00 Å) than magnesium (0.72 Å), which is also similar 

to Na (1.02 Å), Ca2+ may have faster diffusion in electrolytes due lower charge density and polarizing 

properties. There is particular interest in the development of calcium metal batteries,1, 4-6  owing to its 

potential to achieve similar performance figure of merits as incumbent Li-ion technology.7  

A crucial bottleneck to developing rechargeable Ca metal batteries is the lack of suitable electrolytes,8-9 as 

has been the case for many multivalent systems,10 that can simultaneously satisfy conditions such as : i) 

exhibit high ionic conductivity and transference number, both of which depend upon the solubility of the 

salt in the solvent, ii) allow facile desolvation of solvated cations ions in a reversible manner, which is 

connected to the nature of the salt anion, extent of ion-pairing, and stability of the coordinated complexes, 

iii) possess a wide electrochemical stability window, and iv) must be stable against metallic calcium to 

minimize side reactions and decomposition. Challenges meeting the above conditions are in part owing to 

the unique solvation and solubility properties of divalent ions, entailing strong coordination to its 

environment (be it through ion pairing or solvation) as well as the strong reducing nature of multivalent 

metals. Thus far, studies that have elicited Ca redox activity or proposed Ca battery architectures have 

explored electrolytes composed of solvents such as alkyl carbonates (e.g., EC, PC),11-13 THF,14 DME,15-16 

ionic liquids,17-19, and glymes.20-21 Salts that have been explored with these solvents have included Ca(BF4)2, 

Ca(TFSI)2, Ca(TFS)2, Ca(ClO4)2, Ca(BH4)2, Ca[B(hfip)4]2, as well as Ca(PF6)2.22-23 Mixed cation salts 

(Ca+Li or Ca+Na) in carbonate or THF solvents have also been proposed towards engineering the solid 

electrolyte interface (SEI),24-25 namely the solid layer formed at the electrode/electrolyte  interface from the 

decomposition of electrolyte (both solvent and salt) and is permeable to ions to allow for redox activity to 

proceed. Additionally, a range of commercial salts have been examined experimentally for their solvation 

properties in solvents such as PC, EC, DMF, THF, DME, and glymes.26-27  

Theoretical predictions have impactfully contributed to understanding of calcium electrolytes, particularly 

in revealing the solvation environment, energetics, and predicted decomposition products; however, such 

studied remain at nascent levels. Thus far, studies have included elucidating solvation environments when 

employing cyclic and acyclic carbonates with Ca(BF4)2 and glymes with Ca(TFSI)2,21, 28 screening of 

solvent molecules,29 simulating EC decomposition at a Ca metal interface,30-31 ionic liquid coordinated 
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crystal structures,18 as well as properties of aqueous solutions.32 Yet, there remains a lack of computational 

studies that comparatively explore a range of different solvent classes/types and salt compositions. 

Additionally, specific correlations between solvation and particularly Ca2+ mobility (i.e., diffusivity) remain 

a gap in understanding. All solvents thus far explored experimentally have been done so owing to some 

favorable properties: Alkyl carbonate electrolytes are good solvents for a range of calcium salts.26 Ionic 

liquids are well known for their good solubility, mobility, and electrochemical stability.17, 33 Other non-

carbonates yield good electrolyte properties in calcium ion batteries.26, 34 Yet, as is the case for many of 

them, such as acetonitrile,34-36 THF24 and DMF,26 complimentary theoretical studies are lacking. Ca(TFSI)2 

and Ca(ClO4)2 are also understudied, despite the former showing one of the highest conductivities for the 

explored calcium salts and having been employed in battery studies,26, 35, 37 and the latter appears to have 

been overlooked, perhaps owing to the low plating/stripping kinetics.12 Only a brief study of the solvation 

of Ca(ClO4)2 in EC was performed, but in the broader context of exploring the decomposition of alkyl 

carbonate solvents at a calcium metal interface.30 

Overall, the selective and somewhat sparse nature of existing reports on electrolytes prompts the probing 

of a more encompassing study of Ca2+ solvation, which can be easier to achieve with computational tools 

compared with experimental efforts. Furthermore, the choice of these electrolytes has thus far been 

empirical, often drawing from Li and Mg equivalents, since there are no reported theoretical studies to 

provide a systematic comparison over a range of different solvent-salt systems to identify ideal electrolytes 

that can influence the overall performance of the calcium ion batteries. Hence, a cross-cutting solvent-salt 

study is needed to help provide broader, comparative understanding and generalized principles of the Ca2+ 

solvation in candidate electrolytes. Hence, the work herein aims to contribute to the understanding of 

calcium ion electrolytes by exploring in a more expansive range of alkyl carbonate, ionic liquid, alkyl 

nitrile, alkyl formamide, and ether based solvents combined with either Ca(TFSI)2 or Ca(ClO4)2. The studies 

are carried out by conducting molecular dynamics (MD) simulations, DFT-based ab initio calculations, and 

ab initio molecular dynamics (AIMD) simulations. 

2. COMPUTATIONAL METHODS 

2.1. Systems 

The simulated environment consisted of the selected solvents with either Ca(TFSI)2 or Ca(ClO4)2 to form 

model electrolytes. The number of salt and solvent molecules was set so as to emulate an approximate 1 M 

concentratoin. The ionic liquids examined here in were: 1-ethyl-3-methylimidazolium 

trifluoromethanesulfonate ([EMIM][Otf]), 1-butyl-1-methylpyrrolidinium 

bis(trifluoromethylsulfonyl)imide ([BMP][TFSI]), 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]), 1-hexyl-3-methylimidazolium chloride 
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([HMIM][Cl]), 1-ethyl-3-methylimidazolium methanesulfonate ([EMIM][MESO3]), 1-butyl-3-

methylimidazolium trifluoromethanesulfonate ([BMIM][Otf]). These ionic liquids were selected owing to 

their commercial availability or previous use with Ca or other electrolyte systems.17 The organic solvents 

examined here in were:  acrylonitrile (AC), diethyl carbonate (DEC), dimethyl carbonate (DMC), 

dimethylformamide (DMF), ethylene carbonate (EC), ethylene methyl carbonate (EMC), propylene 

carbonate (PC), vinylene carbonate (VC), and tetrahydrofuran (THF). Images of their chemical structures, 

for reference, are shown in Figure 1. The two salts were selected based on their commercial availability, 

high solubility, and use in previous experimental work.2, 35-36 Ca(BF4)2 has been excluded from our studies 

owing to its decomposition products being impermeable to calcium owing to CaF2 and carboxylates,12 and 

its examination previously.28 The solvents and their classes have been shown to be stable in previous 

theoretical and experimental work.12, 14, 29 Molecular dynamics simulations and density functional theory 

calculations using the Vienna ab initio simulation package (VASP)38 were performed within the commercial 

MedeA® software.  

In terms of selection of system size, the ratio of salt molecules to solvent we set to have an ~1M 

concentration in the system. Moelcular dynamics simulations were set to have 10 salt molecules, and the 

number of solvent molecules adjusted accordingly. In the density functional calculations, 1 salt molecule 

was examined, and once again the number of solvent molecules adjusted accordingly. Hence, in the 

LAMMPS simulations this gave systems with 10 salt molecules and 33-60, 82-190, and 32-67 solvent 

molecules for ILs, single organic, and binary organic solvents, respectively. Likewise, in VASP simulations 

there was 1 salt molecule and 3-6, 8-19, and 3-7 molecules for ILs, single organic, and binary organic 

solvents, respectively. Simulation size (box size) was 25  25  25 Å.  A summary of the solvent dielectric 

constants and the number of molecules used in each simulation are provided in Tables S1 and S2, 

respectively. 

 

Figure 1. Summary of solvent molecules and their abbreviations. Color legend: Blue, Carbon; Red, Oxygen; Light 

Purple, Hydrogen; Yellow, Sulfur; Light Blue, Nitrogen; Light Green, Fluorine; Orange, Chlorine. 
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2.2. Molecular Dynamics Simulations 

Molecular dynamic simulations for diffusion and radial distribution functions (RDFs) were performed using 

a Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS),39  using pcff+ force fields. The 

pcff+ force fields have been used to simulate ionic liquids with some lower accuracy,40 but was found 

sufficient herein for comparsion among the solvents. The initial configurations were created in a cell 

consisting of a mixture of calcium salt and each solvent, followed by structure minimization and 

equilibration.41-42 All MD simulations were performed using the LAMMPS code. During initialization, 3D 

periodic boundary conditions were applied to the system, and long-range Coulombic interactions were 

calculated using the particle− particle−particle−mesh (PPPM) method with the nonbonding cutoff set to 9.5 

Å and the long-range precision set to 0.00001. Tail corrections were applied using Van der Waals 

interactions. The first equilibration step was carried out using a minimization step with conjugate gradients, 

followed by a classical 100 ps NPT ensemble with a timestep of 1 fs and isotropic constraint, in accordance 

to previous methods.40 The Nose–Hoover thermostat was used with a temperature damping of 100 fs, and 

a pressure damping of 100 fs. The third and final equilibration step using classical MD was carried out 

using 100 ps NVT dynamics, also with a timestep of 1 fs and the Nose–Hoover thermostat with a 

temperature damping of 100 ps. The self-diffusion coefficient of the calcium ion salts in the solvent 

electrolytes was obtained by calculation of its mean squared displacement (MSD) over 10 ns over a 

temperature range of 273.15 to 373.17 K. Diffusion coefficients were determined based on the Einstein 

diffusion equation, using the MedeA Diffusion package, based on the MSD of Ca2+ over 10 ps (See Figure 

S1-S3). The structural characteristics of electrolytes were analyzed for different atom pairs by calculating 

RDF determined from MD simulation trajectories.   

2.3. Density Functional Theory Calculations 

The density functional theory (DFT) calculations were conducted with the automated choice projector 

method and the exchange-correlation functional of Perdew-Berke-Ernzerh functional of generalized 

gradient approximation (GGA-PBE).39, 43 The plane-wave cutoff energy was chosen 400 eV and a 1×1×1 

k-point grid for all of the calculations. The solvation energies of a single calcium salt molecule dissolved 

in each solvent was performed at salt:solvent molecule ratios to mimic an ~1 M concentration, and were  

obtained by the difference between the Gibbs free energy before and after applying the dielectric constant 

of each solvent (Table S1) using DFT-MD as implemented in VASP. Binary component solvents were 

always present in equimolar quantities (i.e., same number of molecules in the simulation). Specifically, the 

solvation energies were obtained via the difference between VASP GBE–PBE correlations with and without 
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application of the dielectric constant using the implicit solvent model.44 In the model, the free energy of 

solvation (ΔEsolvation) is calculated by subtracting the electronic energy of the solvent molecule in vacuum 

(Econtinuum) from the electronic energy of the solvent molecule in a dielectric continuum (Econtinuum) (by 

applying the dielectric constant of the solvent to the box): 

ΔEsolvation= Econtinuum-Evacuum (1) 

2.4. Ab Initio Molecular Dynamics Simulations 

The reductive breakdown characteristics of solvent [EMIM][Otf] was investigated using AIMD simulations 

up to 5000 fs (with a time step of 2 fs). First, a box of 6 [EMIM][Otf] molecules was first equilibrated to 

its target density of 1.26 g/mL, and then merged with an optimized 321 calcium metal surface ([001]-

terminated) to model the solvent–Ca-metal interface. Molecular dynamics (MD) simulations were 

performed using the canonical ensemble (nVT) with a planewave cutoff energy of 300 eV and convergence 

of 10-6 eV using the blocked Davidson algorithm. Gaussian smearing with a width of 0.05 eV was used as 

was a k-spacing of 1/Å, i.e., the gamma-point, which led to a mesh size of 111. This simulation was 

performed under 0 V conditions.  

3. RESULTS AND DISCUSSION 

To navigate the extensive data provided herein, we first present the radial probabilites of atoms in 

coordination to Ca2+. We then discuss the structure Ca2+ complexes and account for their composition. 

Calculations of their solvation energies are reported, then diffusivity data and a discussion of correlations 

to Ca2+ complex structure. AIMD data of ionic liquid stability at a Ca interface is finally reported. Data for 

electroltyes with Ca(TFSI)2 are showin the manuscript, and unless otherwise presented, and corresponding 

data for electrolytes with Ca(ClO4)2 are provided in the Supporting Information. 

3.1. Coordination Environment 

Figure 2-4 show RDFs, g(r), for the distance correlation between Ca2+ and other likely coordinating atoms 

from the salt or solvent. The radial distribution functions reveal much information about the solvation 

structure and composition environment, and their variations with solvent and salt. Beginning with ionic 

liquids (Figure 2), the RDF profiles show that Ca2+ interacts most strongly with nitrogen as well as the 

oxygen from the sulfonate (S=O). The probability of either the N and O atom in the first solvation shell is 

higher than for any other atom. Two exceptions are [EMIM][TFSI] in which the N and F from the TFSI- 

anion (both from the IL and the calcium salt) defines the solvation shell size, and [HMIM][Cl] in which 

chlorine is present with greater probability. [EMIM][TFSI] has an anomalous RDF profile relative to other 

IL solvents, however, replicate simulations showed the profile was consistent (Figure S4), with N from 
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TFSI defining the first solvation shell, and no evident first peak. [EMIM][MESO3] and [BMIM][Otf] 

primarily show probability for O. The distances which define the size of the first solvation shell and the 

atom which defines it are: 2.42 (N), 2.42 (N), 3.75 (N/F), 2.70 (N), 2.42 (N), and 2.42 (N) (O) Å for 

[EMIM][Otf], [BMP][TFSI], [EMIM][TFSI]), [HMIM][Cl], [EMIM][MESO3], [BMIM][Otf], 

respectively. The differences between [BMP][TFSI] and [EMIM][TFSI], despite both having that same 

anion common with the salt anion (TFSI), may be owing to the difference with the IL cation. Their RDF 

profiles do not discern the source of the S=O bond as either from salt or solvent anion owing to having the 

same anion (TFSI), as is also the case for [EMIM][Otf], [EMIM][MESO3], and [BMIM][Otf] which have 

sulfonate groups in common. This is considered in the examination of the solvated structures to account for 

anion contributions from the salt and solvent (See Section 3.2). With regards to the ionic liquids with 

Ca(ClO4)2, the RDFs (Figure S5) show probability of coordination with the oxygen from the perchlorate. 

[EMIM][Otf], [BMP][TFSI], [EMIM][TFSI], and [BMIM][Otf] show probability of coordination with the 

sulfonate of the IL anion, [HMIM][Cl] being an exception because of the IL’s anion Cl-, and interestingly 

[EMIM][MESO3] shows little probability of coordination with a sulfonate. These results indicate an overall 

greater presence of O in the solvation shell, most likely owing to the stronger coordination of the 

perchlorate, and in turn the greater coordination with the O in ILs from TFSI or sulfonate-based anions.  
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Figure 2. Radial distribution functions for electrolytes with ionic liquid solvents and Ca(TFSI)2. Ionic liquid solvents 

show are (a-f) [EMIM][Otf], [BMP][TFSI], [EMIM][TFSI], [HMIM][Cl], [EMIM][MESO3], [BMIM][Otf], 

respectively. Legend entries are of the form Ca-X(bond), where X is the coordinating atom, “bond” is how the 

coordinating atom is bonded to its molecule (single “-“ or double bond “=”), with Cl being an exception. Plots are 

shown for all possible coordinating atoms, which are O, N, F, and Cl. When it was possible to distinguish, the label 

“Solvent” is used to indicate coordinating atoms from the solvent molecules, in this case the IL anion TFSI-, to 

distinguish atoms of the same element from the salt anion. The RDFs indicate that O and N from either TFSI or IL 

anion (which are the same in [BMP][TFSI], [EMIM][TFSI]) are the primary coordinating atoms in the first solvation 

shell. 

Examining the RDFs for single organic solvents (Figure 3), the first solvation shell has shared probability 

of the presence of an O atom from either the carbonate or ether of the solvent or the O or N atom from the 

TFSI. ACN is an exception, owing to its coordinating N (from CN), and the solvation shell shares 

probability of both N (solvent) and O (from TFSI). For DMF, there is significant probability of the N from 

TFSI and to a lesser extent. the carbonyl from DMF. THF has greater probability of the N and even F from 
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TFSI than the ether from THF DMC, DEC, EMC and PC all have similar probabilities for the O from C=O 

(first peak) from the solvent molecule and relatively greater probability of N from the TFSI (second peak), 

with O from TFSI present but very low relatively (weaker third peak). In EC, the O from C=O presents a 

greater probability (and first peak) following by the N of TFSI, and to a lesser degree the O from TFSI. For 

VC, the greatest probability is the N from TFSI (first peak), followed weakly by the O atom of TFSI. 

Considering their atom probabilities and positions, the size of the first solvation shell (determined by the 

position of the first peak in the RDF) is defined by the solvent for DMC, DEC, EMC, EC, and PC; all others 

(ACN, DMF, THF, VC) have the first solvation shell defined by the salt anion. The position of the first 

peak for ACN, DMF, THF, DMC, DEC, EMC, EC, PC, and VC are 2.42 (N), 2.42 (N), 2.32 (F), 2.23 (O), 

2.23 (O), 2.23 (O), 2.23 (O), 2.32 (O), 2.42 (N) Å. It should be noted that solvent and salt atom probabilities 

peaks in proximity and relatively significant probability will present themselves in the solvated structure, 

as is the case with DMC, DEC, EMC and PC (See Section 3.2), whose O from C=O of the solvent molecule 

is followed closely by the N of TFSI. With regards to the single organic solvents with Ca(ClO4)2, the RDFs 

(Figure S6) generally show strong probability of coordination with the O/N for the solvent and the O from 

the perchlorate. All carbonates (DMC, DEC, EMC, EC, PC) have greater probability (first peak) from the 

O of their C=O group. VC shows similar probability and close peaks with the O from the perchlorate. DMF, 

THF shows greater probability of O from the perchlorate, but at approximately the same position for both 

peaks. ACN shows the first peak from the O from perchlorate, followed closely by the N from the CN 

group. The RDFs are comparable to those with Ca(TFSI)2, in that, for example, the carbonate solvents can 

displace the salt anion. Yet owing to the lower probability of the O from ClO4 (second peak following the 

O from the carbonates in the RDFs), it appears that ClO4
- is more easily displaced than TFSI-. 
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Figure 3. Radial distribution functions for electrolytes with single organic solvents and Ca(TFSI)2. Solvents shown 

are (a-i) ACN, DMF, THF, DMC, DEC, EMC, EC, PC, VC, respectively. Legend entries are of the form Ca-X(bond), 

where X is the coordinating atom, “bond” is how the coordinating atom is bonded to its molecule (single “-“ or double 

bond “=”). When it was possible to distinguish, the label “Solvent” used for O (yellow) and N (gray for ACN) is used 

to indicate coordinating atoms from the solvent molecules. Legend entries for the same element without this label are 

associated to the salt anion, TFSI. The RDFs indicate that O from either the TFSI (red) or solvent (yellow) are the 

primary coordinating atoms in the first solvation shell, with THF also including F (light blue). 

Finally, examining the binary organic mixtures (Figure 4), all first solvation layers are defined by 

coordination to C=O of the solvent molecules, primarily from the EC. Beyond this first solvation shell, the 

N of TFSI is present (second peak in the RDFs). The position of the first peak for EC-DEC, EC-DMC, EC-

EMC, EC-PC and EC-VC are 2.23, 2.32, 2.23, 2.32, and 2.23 Å. The probabilities for the coordination with 

atoms from the salt anion and solvent are similar for all except VC. The solvation structure of the binary 

solvents can also be rationalized based on the properties of the individual components. Overall, the 
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solvation shells are defined exclusively by the solvent atoms (e.g., O oxygen primarily from C=O bond of 

the molecule) with no significant pairing with the TFSI, indicating good solubility of the salt. In the case 

of binary organic solvents with Ca(ClO4)2, the RDFs (Figure S7) also show that the first peak and greater 

probability is for the O from the C=O function of the EC molecule. However, the O from the perchlorate 

appears as the second major peak with a relatively significant probability, which contrasts with the results 

for the binary organic solvents with TFSI, in which coordination with TFSI is not observed. Hence, the 

RDFs indicate that the solvated structures show the binary organic mixtures can reduce pairing with the salt 

anion (both TFSI- and ClO4
-), as the first peak in the RDFs is always associated to the O atoms of the solvent 

molecules. 

Figure 4. Radial distribution functions for electrolytes with binary organic solvents and Ca(TFSI)2. Solvents shown 

are (a-e) EC-DEC, EC-DMC, EC-EMC, EC-PC, and EC-VC, respectively. Legend entries are of the form Ca-X(bond), 

where X is the coordinating atom, “bond” is how the coordinating atom is bonded to its molecule (single “-“ or double 

bond “=”). When it was possible to distinguish, the label “Solvent” used for O (green, purple) is used to indicate 

coordinating atoms from the solvent molecules. Legend entries for the same elements without this label are associated 

to the salt anion, TFSI. The RDFs indicate that O from the solvent, primarily the EC (purple) and the N from the TFSI 

are the primary coordinating atoms in the first solvation shell. 

3.2. Coordination Structure 
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To further elucidate the structure of the coordination environment, we examined the Ca2+ solvated 

complexes. Figures 5-7 show images of coordination environment for Ca2+ in the electrolytes as well as a 

tabulation of the coordinating atoms and their source molecules based on counting statistics. Beginning 

with discussion on the IL electrolytes (Figure 5), the solvated structure confirms the primary coordination 

atoms are O and N from either the IL anion, or salt anion, or both. The structures show the anions coordinate 

to Ca2+ bi- or tri-dentately. [EMIM][Otf], [BMP][TFSI], [EMIM][MESO3] and [BMIM][Otf] are primarily 

coordinated to Ca2+ via an O atom of the anion, [EMIM][TFSI] and [HMIM][Cl] via the N atom (from the 

TFSI anion), with [HMIM][Cl] also showing Cl- coordination from the IL’s anion. The large amount of 

coordination to N with [EMIM][TFSI] is commensurate with its RDF. That all solvated structures show N 

coordination confirms some degree of ion pairing with the TFSI is always present (be it from the salt or IL 

for [BMP][TFSI] and [EMIM][TFSI]). We could distinguish between the source of the O atoms from either 

the IL (solvent) or the TFSI anion (other), except for [BMP][TFSI] and [EMIM][TFSI] in which TFSI is 

the anion for both, but nevertheless, it shows that coordination among all IL systems to an O source is 

primarily with the TFSI anion. However, coordination to the IL anion (solvent oxygen) is present with 

[EMIM][Otf], [EMIM][MESO3], and [BMIM][Otf], and their anions all have in common the SO3
- 

substructure. This may indicate preference for coordination with smaller anions, or ones with less steric 

hindrance, as would be found with TFSI. Indeed, we do observe that if the TFSI is the common anion for 

both the IL and salt ([BMP][TFSI], [EMIM][TFSI] and [HMIM][Cl]) or dominates over the IL anion (i.e., 

[HMIM][Cl]), then coordination with multiple atoms from a single TFSI (i.e., O and N) is present, which 

perhaps better stabilizes Ca2+. Whereas, when the IL anion is different (i.e., [EMIM][Otf], and 

[EMIM][MESO3], and [BMIM][Otf]), there is more shared coordination with TFSI. The small degree of 

coordination of [EMIM][Otf] and [EMIM][MESO3] to the IL anion (sulfonate group) is commensurate 

with their respective RDFs.  

With regards to observations when using Ca(ClO4)2 as the salt with IL solvents (Figure S8), the images 

reveal that there is greater coordination with the anion of the IL than the salt anion (ClO4
-) as compared to 

electrolytes with Ca(TFSI)2, with [HMIM][Cl] being the exception. The structures show the anions (from 

IL or salt) coordinate to Ca2+ mono-dentately.  One other observation is that switching from a salt anion of 

TFSI- to ClO4
- removes the possibility of coordinating to an N atom, which allows better coordination to 

the IL anion ([EMIM][Otf], [HMIM][Cl], [EMIM][MESO3], and [BMIM][Otf]). This is also indicated by 

[BMP][TFSI] and [EMIM][TFSI] which show increased coordination to N when the IL anion is TFSI 

([BMP][TFSI] and [EMIM][TFSI]). This may allow us to conclude that the coordinating strength (and ion 

pairing) with the salt and/or more solvation by the IL can be achieved when no coordinating N atoms are 

present. The sulfonate anions of the ILs are also able to displace the ClO4
- more so than the TFSI-. These 
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differences manifest significantly in the solvation energetics, but not as much with Ca2+ mobility (See 

Sections 3.3 and 3.4). 

 

Figure 5. Examination of the solvation layer for the IL solvents with Ca(TFSI)2. (a) Snapshots of the solvated Ca2+-

complexes for the six ionic liquids investigated. (b) Summary of the coordinating atoms classified by their associated 

molecule. Color code for atoms in a) are: Red is oxygen, sulfur is yellow, light blue is nitrogen, green is chlorine, 

fluorine is pink. Some atoms from the molecules are not represented owing to truncating zoom in to view the 

structures. Nitrogen comes from the salt anion TFSI-. Oxygen and nitrogen sources are ambiguous for [BMP][TFSI] 

and [EMIM][TFSI], owing to same TFSI- anion as the salt (Ca(TFSI)2). The data shows that the first solvation shell 

comprises of coordination to both the solvent and salt anion (i.e., ion-pairing). 

Figure 6 shows solvation structures and a summary of the coordinating atoms for single organic solvents. 

The structures show the salt anions coordinate to Ca2+ bi-dentately. The first noticeable system is EC, in 

which the Ca2+ is fully solvated by 8 molecules. This may be compared to a Ca(BF4)2 system in which there 

is ion pairing with one BF4
- anion.28 DMC, DEC, and EMC partially solvate Ca2+ (5, 4, and 4 molecules, 

respectively) with the remainder of the solvation shell composed of the O or the N atom of the salt’s TFSI- 

anion. DMF is comparable to DEC and EMC (in terms of solvent coordination), but one less TFSI- (salt 

anion) molecule (O) coordinating to it. PC follows with 3 coordinating O, and more N coordination from 

the salt than oxygen. VC entails the largest (10) number of coordinating molecules, with 7 O from the 

solvent, and the remainder with the O or N of the salt anion. VC is an example where the solvated structures 

show Ca2+ well-coordinated to solvent molecules, while its respective RDF indicates a greater probability 

of the solvation shell consisting of the salt anion. This difference is resolved by examining the running 

integral, n(r), of the RDF to count the respective number of coordinate atoms from the solvent and salt 

anion, which shows that indeed VC does coordinate to Ca2+ in greater number than the salt anion (See 

Supporting Information). THF provides only one O to the coordination shell, with one N from the salt anion 

and, interestingly, strong coordination to the F from the TFSI anion. This may be associated to the weaker 
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coordination strength of the ether oxygen, relative to that of the salt anion, as compared to coordination to 

the C=O as present with other carbonate electrolytes. ACN also shows strong coordination of its N with 

Ca2+, which can be explained by its relatively smaller size and large electron density surrounding the N 

atom.  Among these specific observations, a broader one is that ion pairing with the salt is generally present 

to varying degrees, with EC possibly being an exception. The tabulation of coordinating atoms in the 

solvation shell and their source molecule (Figure 6b) are commensurate with the radial distribution 

probabilities (Figure 2), namely whether it is the solvent or anion (or both) that defines and/o comprises the 

first solvation layer. 

With regards to observations when using Ca(ClO4)2 as the salt with single organic solvents (Figure S9 

Information), the structures show the salt anions coordinate to Ca2+ mono-dentately.  Generally, more atoms 

are involved in the solvation of Ca2+. This is generally manifested by more solvent molecules in the Ca2+ 

complexes, yet ion pairing with ClO4 is present. Oxygen is the sole coordinating atom from either the 

solvent and ClO4, except for the N of ACN. This contrasts with TFSI, which is present in greater numbers 

than ClO4. This indicates that Ca2+ coordination with TFSI- is more likely that than with ClO4, which can 

be explained by TFSI having multiple possible coordinating atoms (O, N, even F) as revealed in Figure 5b. 

Examples of coordination with N and o from the same TFSI anion can be found complexes such as with 

DMC, DEC, and EMC. These differences manifest significantly in the solvation energetics, and, unlike the 

ILs, noticeably with Ca2+ mobility (See Sections 3.3 and 3.4). 

 

Figure 6. Examination of the first solvation layer for the single organic solvents with Ca(TFSI)2. (a) Snapshots of 

the Ca2+ complexes. (b) Summary of the coordinating atoms classified by the source. Color code for atoms in a) are: 
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Red is oxygen, sulfur is yellow, light blue is nitrogen, green is chlorine, fluorine is pink. Some atoms from the 

molecules are not represented owing to truncating zoom in to view the structures. Fluorine comes from the salt anion 

TFSI. The data shows that the first solvation shell comprises of coordination to both the solvent and salt anion (i.e., 

ion-pairing). 

Figure 7 shows solvation structures and a summary of the coordinating atoms for binary organic solvents. 

The structures show the salt anions coordinate to Ca2+ mono- or bi-dentately. The addition of EC to DEC, 

DMC, and EMC increases the number of coordinating solvent molecules, which is understood by EC’s 

stronger ability to coordinate with Ca2+ as revealed by the snapshots in Figure 6a. EC-PC has reduced 

solvent coordination, once again as expected based on the solvating capability of the individual molecules. 

EC-VC remains an outlier with its properties, which might indicate that VC allows for pairing with the salt 

anion, more so than EC can induce a fully solvated structure. This may be owing to the greater charge 

delocalization from VC diminishing the capability to solvate Ca2+. The images for EC-PC and EC-VC and 

their tabulated atoms for the coordination environment show that PC and VC contribute no (or very few) 

oxygens to the solvation structure. It appears that PC and VC increase the propensity for ion pairing with 

TFSI, where pure EC alone mitigates this effect. Our solvated structures also are commensurate to 

experimentally determined solvent solvation numbers, particularly for EC (5) and DMF (6) determined 

elsewhere.26 Notably binary mixtures of cyclic carbonates (i.e., EC-PC) always show coordination with the 

C=O of the respective molecules. Whereas, when the second carbonate (non-EC molecule) is acyclic, there 

was a mix of coordination to either the O of its carbonyl (C=O) or ether (C-O-C), perhaps owing to the 

greater flexibility of the molecule allow the possibility for stabilized structures to ensure with coordination 

to either group.  

With regards to observations when using Ca(ClO4)2 with binary organic solvents (Figure S10), the 

structures show the salt anions coordinate to Ca2+ mono-dentately.  Greater coordination with O from the 

solvent molecules is observed, as with the single organic solvents. There is a slightly greater number of 

coordinating atoms in the solvated structures, and greater contributions by the non-EC molecules. 

Noticeably, ion pairing with the salt anion is reduced when using Ca(ClO4), and is not present to a 

significant degree with EC-DMC and EC-PC. Once again, the reasons for these observations are like those 

described for single organic solvents, name the lack of coordinating N atoms. The differences between the 

second carbonate being cyclic or acyclic are similar to those with Ca(TFSI)2, which PC being an exception. 

This may be related to the ease in displacement of the perchlorate anion balancing out differences between 

cyclic and acyclic carbonates. All such differences manifest significantly in the solvation energetics, only 

slightly with Ca2+ mobility (See Sections 3.3 and 3.4).  
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Figure 7. Examination of the first solvation layer for the binary organic solvents with Ca(TFSI)2. (a) Snapshots of 

the Ca2+ complexes. (b) Summary of the coordinating atoms classified by the source.  Color code for atoms in a) are: 

Red is oxygen, sulfur is yellow, light blue is nitrogen, and green is chlorine. Some atoms from the molecules are not 

represented owing to truncating zoom in to view structures (such as F). Nitrogen comes from the salt anion TFSI. 

The data shows that the first solvation shell comprises of coordination mostly to the solvent and to a lesser extent the 

salt anion (i.e., ion-pairing). 

To assess the quantity of solvent molecules solvating Ca2+ more rigorously, Figure 8 provides a summary 

of the solvation numbers (SN) both for solvent and salt anion molecules, determined from the running 

integral, n(r), of the radial distribution functions (Figures S11-S16). Plots of the running integrals are 

provided in Figures S9-S14. Several key findings are revealed in the summary of coordinating atoms and 

molecules. For ionic liquids, significant pairing to the salt anion is observed with Ca(TFSI)2, whereas the 

presence of the IL and salt anion in the solvation structure is more balanced with Ca(ClO4)2. Mixed 

coordination (N and O) is present for Ca(TFSI)2, and O is the primary coordinating atom for Ca(ClO4)2. 

For single organic solvents, the first solvation shell is dominated by O from the solvent with Ca(TFSI)2, but 

more balance for Ca(ClO4)2 (yet with solvent O still in greater number). These points are the same for ACN, 

but apply to its N atom. For binary organic mixtures, the solvation structure primarily contains coordination 

to the O from the solvent, and to a lesser extent coordination to the salt anion. Lack of the second solvent 

component (other than EC) in the summary of the coordination structure is an artifact of the 2.8 Å cut-off 

set by the bond distance between Ca2+ and the O from the carbonyl group. Figure 7 shows examples where 

coordination to the other solvent molecule is indeed present (e.g., DEC, DMC, EMC, PC). Similarly, while 

VC does not show in the summary of coordinating molecules in Figure 7, which is based on statistical 

counting of only atoms with direct bonds to Ca2+, based on the n(r) data (Figure 8) VC is included in the 

solvation structure. Importantly, the number of solvent molecules present in the first solvation shell are 

comparable to the experimentally determined solvent solvation numbers (SNsolvent) for DMF (6), EC (5), 
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and PC (4).26 In the case of DMF, for example, the average number of coordination solvent was 

experimentally measured to be 7.2 and theoretically determined to be stable at 8.29, 45 Consideration of ion 

pair with the TFSI and ClO4 places the values determined herein to be less, yet with the same approximate 

total number of coordinating molecules of ~7-8.  

 

Figure 8. Solvation numbers for both solvent and salt anions determined from the n(r) values at a 2.8 Å radial distance 

from Ca2+ centers for (a) Ca(TFSI)2 and (b) Ca(ClO4)2. Solvating molecules (solvent and salt) are identified by their 

coordinating atom. The cut-off of 2.8 Å is selected owing to this being the Ca2+-O bond distance. More balanced 

coordination between the solvent and salt anion is observed for ClO4 over TFSI. Organic solvent molecules (single 

and binary) show a larger present in the first solvation shell as compared to ionic liquids.  

3.3. Solvation Energetics 

Figure 9 shows calculated solvation energies of all electrolytes explored. Several notable observations and 

conclusions can be made. Firstly, the solvation energies are smaller in magnitude for Ca(ClO4)2 than for 

Ca(TFSI)2 for all solvents, and furthermore, all solvation energies are smaller in magnitude than those, 

respectively, calculated with Ca(BF4)2 as the salt (|ΔG| values of 411.77, 384.59, 397.93, 446.11, 463.05, 

459.99, 397.30, 402.84, 462.77, and 472.18 kcal/mol for EC, VC, PC, DMC, EMC, DEC, EC-PC, EC-

DMC, EC-DMC and EC-DEC, respectively),28 while we reserve definitive conclusion on this latter point 

owing to possible differences in the calculation methods between the implicit model used herein and the 

explicit model employed by other’s work. Calculated energies are similar to those calculated for DMF.29 

Nevertheless, indeed, the general trend for the absolute value |ΔG| with respect to salt, Ca(ClO4)2 < 

Ca(TFSI)2 < Ca(BF4)2, which overall may be associated to the reduced ion pairing and better solvation by 
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the solvents, and is also consistent with the ease of ion–ion dissociation from the TFSI and ClO4 anions 

enabling relatively good solubility, as observed experimentally.26 For both salts, the smallest solvation 

energies are found for DEC, DMC, and EMC, followed closely by THF. Above these energies, all IL, single 

organic, and binary organic solvation energies are greater than ~150 kcal/mol in magnitude. The differences 

in the solvation structures for the ionic liquids do not appear to make a significant difference in the solvation 

energies for their respective solvent class (IL, single organic, binary organic), nor are there significant 

differences for solvation structures dominated by O or N atoms, showing that both are sufficient to reach 

similar thermodynamically stable solvated structures. Increases in |ΔG| are observed when transitioning 

from single to binary organic solvents. DMF, EC, and PC, and to some extent THF appear to be exceptions, 

providing similar |ΔG| > 200 kcal/mol, and THF an intermediate value between those of the single and 

binary solvents.  

 

Figure 9. Summary of the free energy of solvation of Ca2+-complexes for all solvent-salt systems at 298 °K. VC 

electrolytes not included owing to lack of a suitable dielectric constant. With Ca(ClO4)2 complexes with lower 

solvation energies are produced, as compared to Ca(TFSI)2. The lowest solvation energies (for both salts) are produced 

for DEC, DMC, EMC, and THF. 

Generally, greater solvation energies are interpreted to imply well-solvated structures; however, this 

conclusion must include (and be confirmed by) the examination of the structure and composition of the 

solvation layer (i.e., source molecules from either the solvent or salt anion), because ion pairing with the 

salt anion (which is undesirable) can also increase the magnitude of the solvation energy. Previous 

calculations of ΔG showed a noticeable increase in ΔG between solvation shells that contain 1 and 2 salt 

anions,28 which implies that ion pairing contributes more so to greater |ΔG|. Herein, increase in solvation 

energy, for example when comparing single organic solvents to binary ones, is accompanied by an increase 

of Ca2+ solvation by solvent molecules (i.e., less pairing with the salt anion). In short, greater solvation 

energy comes from greater solvent coordination to Ca2+. Likewise, switching from TFSI- to ClO4
- also 

yields better solvation. Hence, it can be concluded that indeed there is good solvation for both Ca(TFSI)2 
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and Ca(ClO4)2 in binary solvents, as they show both well solvated structures as greater |G|. Yet, some 

solvents showed both smaller values for ΔG and also well-solvated Ca2+, and this combination can further 

imply higher mobility and electrochemical kinetics (i.e., via more facile solvation and desolvation).46-48 For 

example, both ACN and EC show that Ca2+ is well solvated by the solvent molecules, and combined with 

lower solvation energies would indicate good electrolyte systems from both a solvation and mobility 

standpoint, which can explain why both are effective in electrochemical studies.11, 35 This is furthermore 

the case with electrolytes that use Ca(ClO4)2: they show combined observations of greater solvent solvation 

and smaller solvation energies, which implies both good solubility as well as mobility. Specifically, the ΔG 

values for all electrolytes with Ca(ClO4)2 and solvents DEC, DMC, EMC with Ca(TFSI)2  are comparable 

to those calculated for LiPF6, NaClO4, and Mg(ClO4)2,28  which may promise to provide comparable 

electrolyte mobilities as other incumbent electrolytes for other ion systems. Combining the observation of 

increase solvation of Ca2+ by the solvent molecules for binary organic mixtures when using Ca(ClO4)2, at 

its relatively lower solvation energies, would also indicate that both good solubility and now greater 

mobility can be expected.  

3.4. Ca2+ Self-Diffusivity 

Figure 10 shows Arrhenius plots of the calculated diffusivity of Ca2+ as a function of temperature for all 

solvent-salt electrolytes systems explored in this study. The diffusion coefficients specifically at 298.15 K 

are summarized in Figure 11. The first broad observation is that there are electrolytes from all solvent 

classes that yield comparable diffusivities, within the range of 10-6 to 10-5 cm2/s. For the ionic liquids, the 

highest diffusivities are observed with [EMIM][Otf], [EMIM][MESO3], and [BMIM][Otf], for both 

Ca(TFSI)2 and also Ca(ClO4)2, with the lowest diffusivities given by [HMIM][Cl], [EMIM][TFSI], and 

[BMP][TFSI] (the latter being the lowest). Among the electrolytes using a single organic solvent, there is 

a narrower range of diffusivities for Ca(TFSI)2 salt, and higher floor to their values. ACN and THF yield 

the highest (for both salts), and EC and PC the lowest. Binary solvents are also in relatively the same range 

among themselves, and slightly higher in the range for Ca(TFSI)2 over Ca(ClO4)2. Top diffusivities are 

provided by EC-DMC (for both salts), followed closely and together by EC-PC, EC-DEC, and EC-EMC. 

VC and EC-VC appear to be anomalies, with the former showing good diffusivity, but the latter showing a 

low one. Examples with diffusivities being higher with one salt over the other, and vice versa, are also 

observed. Explanations for all these differences is quite complicated, but certainly depend on the molecule 

size, structure, charge, etc. That they span only one order of magnitude range (10-6 to 10-5), might make 

such differences insignificant in experimental studies. Nevertheless, towards selecting electrolytes with the 

highest diffusivity, electrolytes that would show good transport and solvation properties are: (ILs) 

[EMIM][Otf], [EMIM][MESO3], and [BMIM][Otf], (single organics) ACN and EMC, and (binary 
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organics) EC-DMC, EC-DEC, and EC-EMC (with EC-PC being competitive as well). Yet, other solvents 

with lower diffusivities are remain viable candidates. The higher diffusivities of Ca(TFSI)2 electrolytes is 

commensurate with experimental investigations of ion conductivity in Ca(TFSI)2 electrolytes with EC-PC 

as the solvent.12, 26 

 

Figure 10. Theoretical Arrhenius plots of Ca2+ diffusivity as a function of temperature for solvents with (a-c) 

Ca(TFSI)2 and (d-f) for Ca(ClO4)2, for ionic liquid, single organic, and binary organic solvents from left to right, 

respectively.  

 

Figure 11. Diffusivity for electrolytes composed of the ionic liquid, organic, and binary organic solvents at T = 298 

°K. Notably high diffusion coefficients are found for AC, DMF, THF, and DMC. 
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Establishing correlations between the diffusivity and the correspond solvated structures and energetics is 

complicated. It appears that all the marked differences in solvation structure energetics in turn yield mild 

differences in the Ca2+ mobility, at least for most of the systems. Yet some observations can be made. 

Indeed, reduced pairing with the salt anion correlates to greater diffusivities, as expected owing to salt-

solvent coordination playing a key role in governing cation mobility in the electrolyte.30  The order rank of 

diffusivity does follow closely the dielectric constants of the solvents (Table S1), as also affirmed in the 

literature.26 ILs with only a sulfonate group would be preferable over TFSI for use as the solvent in 

electrolytes, as revealed by the relatively low diffusivity for [BMP][TFSI] and [EMIM][TFSI]. Reduced 

anion pairing is also achieved using acyclic molecules rather than cyclic ones, and Ca(ClO4)2 over 

Ca(TFSI)2 in some cases, for both the single and binary organic solvents. Yet, the larger Ca2+ complexes 

(i.e., more molecules) when Ca(ClO4)2 is used may hinder mobility. Generalized understanding may be that 

(1) greater diffusivity is achieved via mixed coordination, provided from the TFSI anion (both O and N), 

rather than coordination solely an O atom, from the ClO4 anion, (2) Ca2+ complexed presenting good 

solvation by the solvent molecules, but with less total coordinated molecules, (3) smaller solvent molecules 

(e.g., DMF, as well as DMC vs. DEC and EC-DMC vs EC-DEC), and (4) use of acyclic molecules (e.g., 

carbonates) with EC, (5) using of ILs with alkyl sulfonates as the anion. Note that another salt calcium 

trifluoromethanesulfonate (Ca(TFS)2) shows comparable conductivities Ca(TFSI)2 and Ca(BF4)2,26 hence, 

the benefits of alkyl sulfonates may be further realized if Ca(TFS)2 salt is explored in electrochemical 

studies. A focused study on different anions that specifically contain sulfonate groups would help reveal 

such similarities or differences and is the subject of future study. RT diffusivity values in which ClO4 

outdoes TFSI, such as ACN, VC, and [EMIM][MESO3], are exceptions with their own specific reasons 

(i.e., nitrile-based solvent, poor coordination, etc.). The proximity of diffusivity values for binary organic 

solvents shows that the better solvation properties with binary mixtures outdoes any enhancements by 

changing the salt, and this can allow for variation of electrolyte salt composition to optimize other 

electrolyte processes (e.g., redox reactions), SEI layer, anion intercalation, etc. That EC+VC shows a 

significantly lower diffusivity, combined with the lack of its involvement in the solvated structure, might 

indicate that its presence only impedes Ca2+ mobility.  

3.5. Ionic liquid Stability at a Ca metal interface 

While the decomposition of organic molecules such as carbonates has been examined for the resultant 

products, similar insight into ionic liquids is lacking. Owing to the results showing that some ILs can have 

favorable solvation properties, we finally investigated AIMD simulations specifically of [EMIM][Otf] 

interaction at a calcium metal interface. TFSI decomposition has already been investigated elsewhere,49 

leaving such alkyl sulfonates as with [EMIM][Otf] (and similarly [EMIM][MESO3] and [BMIM][Otf]) 
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warranting inquiry. Figure 12 shows AIMD snapshots over a duration to 5000 fs in 1000 fs intervals. A 

simulation run time of 5000 fs was sufficient, as revealed by the stabilization of the system potential energy 

(Figure S17). The resulting coordinated structures reveal that both the anion and cation of the solvent 

molecule interact with the surface calcium atoms, but to different extents, and without completely breaking 

down to form any noticeable organic or inorganic decomposition products that would be expected to 

comprise the SEI layer. After 200 fs, the solvent cation appears to coordinate with the surface Ca atoms, 

whereas bonding of the solvent anion proceeds progressively, starting at 400 fs, when one oxygen atom of 

the CF3SO3
– anion appears to bond with surface calcium atoms, followed by bonding of a second oxygen 

atom of the same anion, and lastly, bonding of all 3 oxygen atoms of the triflate anion molecule after 1000 

fs. This progressive bonding may be attributed to the downward steric movement of the triflate anion which 

leads to close contact between the calcium metal surface and the atoms of the anion molecule. On the other 

hand, the solvent cation continues to interact with the surface calcium atoms over the course of the 

trajectory, but no bond-cleavage occurs, possibly owing to a combination of two factors: 1) lack of sufficient 

electrons from the calcium metal owing to the strength of the C–N bond (of the IL cation) and 2) the planar 

orientation of the molecule that causes highly uniform charge distribution on the solvent molecule itself, 

thereby preventing bond breakage. The effect of solvent molecule orientation on the breakdown dynamics 

is currently being explored and will be reported as a separate study. Nevertheless, it appears from these 

AIMD trajectories that the IL solvent molecules do not breakdown into any specific decomposition 

products. As for the time-scale of this simulation, we anticipate no further breakdown to occur beyond 1000 

fs owing to the potential energy of the system having attained quasi-equilibrium at 1000 fs (see Supporting 

Information). Furthermore, 1000 fs is sufficient for all reaction dynamics to occur at the surface, as has 

been shown previously for ethylene carbonate on calcium metal.31 As the imidazole subunit of [EMIM][Otf] 

is common among all ILs except [BMP][TFSI] (pyrrolidinium based), despite having varied alkyl lengths, 

it can be inferred that all such IL systems can be stable. However, Cl- should generally be avoided owing 

to its tendency to cause corrosive effects on electrodes. Pyrrolidinium also might not necessarily break 

down, except perhaps through minimal hydrogen abstraction induced at the Ca surface. Given that 

[BMP][TFSI] and [EMIM][TFSI] contain TFSI- as the anion, which can break down, it may be concluded 

that [EMIM][Otf], [HMIM][Cl], [EMIM][MESO3], and [BMIM][Otf] (alkyl imidazole alkyl sulfonates) 

are stable against a Calcium interface, yet this is a subject of continued study. The lack of reductively stable 

electrolytes for Ca-metal batteries continues to be a major bottleneck in the Ca-battery field, and our 

preliminary results indicate the high stability of the [EMIM][Otf] solvent over Ca metal, which is a desirable 

characteristic from the standpoint of developing Ca metal anodes. [EMIM][Otf] has already shown effective 

for us in plating and stripping of Ca.17 As such, further studies should focus on investigating Ca2+ transport 
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across these solvent-metal interfaces to possibly elucidate the ease of reversible deposition and dissolution 

of Calcium from bulk electrolyte.  

 

Figure 12. AIMD time-lapse snapshots of [EMIM][Otf] undergoing coordination over a Ca metal surface over the 

course of 5000 fs, in (a-f) snapshots in 1000 fs increments. Color code: Brown is carbon, light blue is nitrogen, yellow 

is sulfur, red is oxygen, white is hydrogen, pink is fluorine, and dark blue is calcium. [EMIM][Otf] does not undergo 

reductive decomposition, but rather coordinates with the Ca metal surface via the N from EMIM and O from Otf. 

4. Key Aspects for Solvent Selection  

Our results shows that several ILs have favorable electrolyte properties, specific those which do not contain 

a TFSI anion. The use of [EMIM][Otf] to achieve stable, reversible redox activity is also commensurate 

with its favorable electrolyte properties revealed herein, and similarly structure ILs (specifically with 

regards to the anion) may also be explored. There are a range of single organic electrolytes that can be used; 

and several have not yet been explored alone in eliciting redox activity at a Ca metal interface, such as 

DMF, among others. A range of binary organic solvents are also promising and may be explored in the 

context of enabling and advancing redox activity. Our results would indicate that use of a TFSI salt is 

preferable both with regards to solubility as well as mobility, and favorable electrolyte properties of the 

ionic liquids with alkyl sulfonates as the anion could also indicate that calcium trifluoromethanesulfonate 

(Ca(TFS)2) may be a suitable salt to explore. Ca(ClO4)2 was previously attempted, and showed some very 

low levels of plating/stripping kinetics,12 which may be associated to passivation by the decomposition 

products of the perchlorate, as observed in Li systems. This might be mitigated through the use of pre-

passivation layers,23, 25 to decouple the conductivity of Ca(ClO4)2 from the decomposition to form the solid 
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electrolyte interface, yet such experimental studies remain to be pursued. Likewise, TFSI has been 

previously used, but is preferable as the electrolyte in which a pre-passivated layer using another salt has 

been performed, as the decomposition products of TFSI appear unfavorable for Ca2+ transport across the 

SEI. Other than EC-PC, binary organic electrolytes remain to be thoroughly explored to correlate their 

electrolyte properties to Ca redox activity. Overall, differences among the electrolytes may become more 

apparent with regards to solvation and desolvation during redox reactions. Identified favorable electrolytes 

herein such as ACN, THF and EC+PC with Ca(TFSI)2 show good diffusivities and are notably used in 

current battery studies,35-37, 50-51 as well as THF and EC+PC, and even EC+EMC+DMC to enable redox 

activity at a calcium metal interface.11-12, 14, 23, 25 Single solvents such as DMF, DEC, DMC, and EMC should 

also show good solubility and mobility, combined with possibly good desolvation to enable redox activity. 

Such experimental uses corroborate the theoretically acquired, generalized understanding herein, and reveal 

other electrolytes that may also be explored.  

5. CONCLUSION 

We have presented a study on the solvation structure, energetics, and diffusivity of Ca2+ in electrolytes 

cross-cutting several types of solvents, namely ionic liquids, carbonates, ethers, nitriles, and binary organic 

carbonate mixtures with Ca(TFSI)2 and Ca(ClO4)2 as the two salts examined The results reveal several 

promising electrolyte systems in terms of reduced pairing with the salt anion, good solubility, and favorable 

Ca2+ mobility. The combination of well solvated Ca2+ complexes with the solvents as well as low free 

energies point towards the possibility of high concentration and highly conductive electrolytes. The results 

show that non-N containing ionic liquids (the anion), acyclic carbonates, DMF, THF, as well as several 

binary organic (EC-DMC, EC-EMC, EC-DEC) are all potentially favorable electrolytes. Using Ca(TFSI)2 

is preferred over Ca(ClO4)2 owing to better solvation and mobility, and possibly the salt Ca(TFS), but 

further experimental studies are required. This work provides theoretical insight that has revealed potential 

candidate electrolytes to be considered in electrochemical and cycling studies for calcium (ion) batteries. 
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SUPPORTING INFORMATION 

• Summary of systems sizes used in LAMMPS and VASP simulations, and solvent dielectric 

constants 

• Corresponding data for all solvents, specifically, RDF and solvated structures with Ca(ClO4)2 

• Running integrals, n(r), for all electrolytes 

• System potential energy for AIMD simulations 
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