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Abstract 

To enable wide-temperature operation of lithium-ion batteries (LIBs), new electrolyte 

formulations have been developed to enhance performance, particularly at low temperatures. 

A key challenge lies in achieving both high ionic conductivity and a high lithium-ion 

transference number due to their inherent trade-off. In this study, we designed an electrolyte 

system comprising tris(pentafluorophenyl) borane (TPFPB), a fluoride acceptor, and LiF salt 

in ethylene carbonate (EC)-free solvents. TPFPB, with its electron-deficient boron center, 

facilitates fluoride transfer reactions that promote the dissociation of otherwise insoluble LiF. 

When methyl acetate (MA) was used as the solvent, the electrolyte exhibited a high 

transference number (tLi⁺ = 0.848) and ionic conductivity (σ = 5.0 × 10⁻³ S cm⁻¹). The optimized 

electrolyte demonstrated excellent performance at −20 °C, with no evidence of lithium plating. 

This work presents a new strategy for electrolyte design by leveraging cation desolvation to 

achieve high-performance LIBs for low-temperature and high-power applications.  



Since the advent of Li-ion batteries (LIBs) in the market, they have been extensively utilized 

as a power sources for consumer electronics, electric vehicles (EVs) and  large-scale stationary 

energy storage systems due to their balanced performance such as energy density, power 

capability, cycle/calendar life, and a moderate operating temperature range.1-3 Although there 

has been tremendous improvement in the development of active electrode materials to increase 

the energy density for EV application, the poor performance at low temperatures retards the 

EV market growth and limits the application in harsh conditions for the use in polar areas or 

space exploration.4-6 The battery performance relies on how fast Li ions diffuse in the 

electrolyte and transfer to electrode materials. All the movements of Li ions within LIBs 

including graphite anodes, layered oxide cathodes and electrolytes become sluggish at reduced 

temperatures, especially in the electrolyte. Conventional electrolyte contains low melting point 

(36.4oC) ethylene carbonate (EC) solvent, which causes an abrupt decrease in ionic 

conductivity of electrolytes and large cell overpotential at low temperatures.7, 8 

EC solvent is also known to dissociate the Li salt to high concentrations and capable of forming 

a stable solid-electrolyte-interphase (SEI) by multi-electron ring-opening reduction reaction 

with Li ions. In commercial electrolytes, Li ions are tightly bound by EC solvent forming a 

typical solvation structure of 1 Li+:4 EC molecules, and have high solvation/desolvation 

energies at the electrode interface, inducing high charge-transfer resistances at low 

temperatures.6, 9 In addition, the ionic conductivity of carbonate electrolytes has high activation 

energies, resulting in sluggish ionic conduction at low temperatures. To enhance the ionic 

conductivity at low temperatures, there have been studies for developing effective electrolyte 

solvents with various functional groups such as linear carbonate,9-12 nitrile, 8, 13-15 ester, 16-18 

and ether19, 20 functional groups. Recently, fluorination of solvents has drawn huge attention 

due to its improved oxidation stability and weak solvation features,21-25 but is concerned about 

reduction instability and environmental pollution. These solvents in the electrolytes increase 

the ionic conductivity with lower activation energies, widening the operating temperatures of 

batteries. Among them, ester-based electrolytes have been reported to exhibit superior low-

temperature performances due to the combined effect of the high ionic conductivity and low 

(de-)solvation energy.6, 7 

Transference number (tLi
+), defined by the contribution of conductivity of a specific charge 

carrier to the total ionic conductivity, plays a crucial role in the design of electrolytes. 

Conventional LIB electrolyte is composed of mixture solvents of a cyclic carbonate (EC) and 



linear carbonate (DMC, DEC or EMC) dissolved in lithium salt (LiPF6). In this solution, the 

high dielectric constant EC dissociates LiPF6 into Li+ and PF6 anion, where Li+ is tightly 

solvated with EC with molar ratio of 1 to 3 and 4. During the battery operation, the solvated 

Li+-EC complex is bulkier and transported back and forth between the electrodes to support 

their redox reaction whereas the PF6 anions are non-solvated and more mobile. The tLi
+ is 

around 0.4, indicating PF6 anion is the dominating ion carrier, not Li+. To solve the fundamental 

issues of the fast charging and low temperature LIB, a new electrolyte with high tLi
+ and high 

conductivity is required.26, 27
  

Since Li ions and anions are moving in opposite directions, the impact of tLi
+ for the kinetics is 

normally interpreted in two ways. One is that the genuine Li ionic conductivity in the 

electrolytes can be calculated by multiplying the transference number and total ionic 

conductivity of the electrolyte. The other is that the anion-driven concentration overpotential 

can be observed at low Li transference number electrolytes. Since the mobile anions allow the 

diffusion-based conduction of each ion to electrodes, it leads to a Li depletion layer and high 

concentration overpotential, limiting the utilization of active materials across the electrodes.28-

31 To suppress the concentration overpotential, researchers have been devoted to developing 

electrolytes with high ionic conductivity and high tLi
+, but it is challenging to enhance both 

properties due to their trade-off relationship. Although the near-unit tLi
+ is observed in anion-

anchored polymer electrolytes, they exhibit extremely low ionic conductivity due to the slow 

Li migration in the anion-anchored matrix.32-37 In this regard, electrolytes with high ionic 

conductivity and transference number are pursued for high performance LIBs. 

In this paper, we developed an anion-solvation dominated electrolyte with more mobile Li ions 

by using fluoride-transferred anion-based electrolytes to achieve the high Li+ transference 

number electrolyte and demonstrated its superior properties in low-temperature LIBs. The 

fluoride transfer is induced by the chemical reaction of tris(pentafluorophenyl) borane (TPFPB) 

and LiF, in which the electron-deficient boron accepts the fluoride of LiF, dissociating the 

initially insoluble LiF salt. The fluoride transfer reaction was derived in various solvent 

systems, confirmed by mass spectroscopy. Both the high transference number of 0.848 and 

high ionic conductivity of 5.0 mS cm−1 were achieved in methyl acetate (MA) solvent 

electrolytes due to the bulky anions and solvent-dominant solvation structure. Molecular 

dynamics simulation revealed that the Li ions are weakly solvated by MA solvents and diffuse 

much faster than TPFPB-F complex anion, which in turn exhibit high transference numbers 



and high ionic conductivity. This electrolyte, coupled with LiDFOB and FEC co-additive, 

yields a stable SEI passivation layer on the graphite anode surface and LIB using this optimized 

electrolyte displayed significantly improved cycling performances at a low temperature of −20 

oC without any sign of Li plating. This result provides an insight on the potential of fluoride 

acceptors and fluoride-transferred anions for high transference number electrolytes and 

demonstrated the cell performance of insoluble LiF salt in lithium battery where graphite is 

used as anode for the first time.  

 

 

Scheme 1. Illustration of solvation structures of conventional electrolytes and newly designed 

electrolytes. 

Scheme 1 illustrates a comparison between conventional cation (Li⁺) solvation and a newly 

designed anion solvation approach. In the traditional cation solvation systems, Li ions are 

strongly bound by ethylene carbonate (EC) solvents and PF6⁻ anions, leading to low 

transference numbers typically below 0.5. It is challenging to attain high transference numbers 

due to the bulky cation solvation structures and relatively rapid conduction of PF₆⁻ anions. In 

contrast, the newly designed anion solvation system is realized by incorporating anion 

receptors that accept fluoride ions (F⁻), resulting in the formation of bulky anions and mobile 

Li ions. The solvent-dominant solvation structures have lower de-solvation energies and 

resultant lower anode overpotentials, suppressing Li plating at the graphite anodes. This 

innovative configuration aims to enhance Li⁺ mobility and transference number by altering the 

solvation dynamics, improving ion transport and efficiency across a wide temperature range of 

LIBs. 

 



 

Figure 1. (a) Schematic illustration of fluoride transfer reaction between TPFPB and LiF. Mass 

spectroscopy in (b) positive ion and (c) negative ion mode of fluoride transfer reaction in MA 

or MP solvents.  

Figure 1a illustrates the fluoride transfer induced by the reaction of tris(pentafluorophenyl) 

borane (TPFPB) and LiF. The boron center in TPFPB is electron-deficient and Lewis acidic 

and accepts the basic fluoride of LiF, generating a bulky anion of TPFPB-F− complex.38, 39 In 

addition, the fluoride-accepting power of TPFPB enables the disassociation and dissolution of 

LiF in electrolytes. The reaction was confirmed by density functional theory (DFT) calculation. 

The formation energy of the fluoride transfer was significantly negative (G=−2.12 eV), 

indicating that it is a thermodynamic reaction (Figure S1a). Among the fluoride acceptable 

positions, the boron center was revealed to be the most stable acceptor with the lowest 

formation energy (Figure S1b). The fluoride-transfer reaction of TPFPB and anion solvation 



sheath were characterized by ESI-MS analysis (Figures 1b and 1c). Single solvent MA and 

MP were chosen to prepare the TPFPB-LiF electrolyte solution with 10% FEC added as SEI 

formation additive. Mixture of MA or MP with LiF powder was initially a suspension 

indicating insoluble LiF in these solvents, however the suspension became clear when TPFPB 

was added with agitation.  0.1 M TPFPB renders the LiF soluble, and 0.1M TPFPB + 0.3 M 

LiF in MA or MP was selected as the electrolyte for this study. The LiF and TPFPB 

concentrations were optimized to achieve both high ionic conductivity and transference number. 

In the MS spectra, the positive ions mode demonstrates that although there is a minor peak of 

LiF-MA, the Li ions are mostly solvated by MA or MP solvents, and TPFPB interacts with the 

fluorine in FEC from the presence of TPFPB-FEC peaks. The negative ions exhibit the strong 

peaks of fluoride transferred TPFPB, which are TPFPB-F− and (TPFPB)2-F
− in both cases. 

These theoretical and experimental results strongly support the fluoride-accepting reaction of 

TPFPB with LiF and the formation of TPFPB-F- bulky anions. 

 

Figure 2. (a) Ionic conductivity of electrolytes with various ester solvents with respect to 

dielectric constant. (b) Electrostatic potential (ESP) surfaces of each solvent. (c) Binding 

energies of each solvent with a Li ion. (d) Activation energy for ionic conductivity of each 

electrolyte. (e) Transference number of Gen2 and fluoride-transferred electrolytes. (f) 

Chemical shift of 7Li in different electrolytes.  

To enhance the physical properties of electrolytes such as ionic conductivity and tLi
+, a variety 



of ester solvents were screened based on the dielectric constant (Figure 2a). To note, 0.05 M 

LiDFOB was added as an additive owing to its low resistive SEI layer formation. The dielectric 

constants of ester solvents are linearly changed with alkyl chains from propyl propionate (PP) 

to methyl acetate (MA), and the ionic conductivities of electrolytes with those main solvents 

are correlated. As the dielectric constant of the solvent is higher, the ionic conductivity of the 

electrolyte is higher due to the solvent-dominant solvation of Li ions and low viscosity. To 

elucidate the binding configurations, electrostatic potential (ESP) surfaces of each solvent were 

generated (Figure 2b).  All ester solvents exhibited high charge densities localized on the 

oxygen in the C=O group, indicating the preferential binding sites for interaction with Li ions. 

The binding energies for each solvent with a Li ion were calculated (Figure 2c). Among the 

solvents, MA demonstrated the weakest binding energy of −2.06 eV, which is considerably 

lower than that for EC solvent. The activation energy of each electrolyte was calculated by 

measuring the ionic conductivity at various temperatures (Figure 2d). There was a similar 

correlation between the dielectric constant of solvents and activation energy. Among the ester 

solvents, MA-based electrolytes showed the lowest activation energy of 8.53 kJ mol−1, while 

PP-based electrolytes exhibited a much higher value of 14.97 kJ mol−1. The low activation 

energy indicates the small change of ionic conductivity as temperature changes, enabling the 

electrolytes to be operable in a wide temperature range. 

tLi
+ plays a crucial role in determining the kinetics of electrolytes, especially at high current 

densities. The conventional anion-driven concentration overpotential with low tLi
+ rapidly 

grows and limits the battery performance at low temperatures and high current densities.8, 30 

The tLi
+ of MA, MP, and Gen2 electrolytes were measured by the Bruce-Vincent method 

(Figures 2e and S2).40, 41 While Gen2 showed a low transference number of 0.423 due to the 

relatively fast diffusion of PF6 anions, MA- and MP-based electrolytes exhibited much higher 

values of 0.848 and 0.806, respectively. Notably, the high tLi
+ of the electrolytes is related to 

the immobilization of TPFPB-F− likely due to the bulky size and its interaction with solvents. 

To study the Li-ion solvation structure of electrolytes, we conducted the nuclear magnetic 

resonance (NMR) characterization (Figure 2f). As a reference and baseline electrolyte for 7Li-

NMR measurement, Gen 2 and 1.0 M LiClO4 in acetonitrile (AN) electrolytes were used, 

respectively. Since the Li ions are solvated by the solvent molecules and anions, the peak shift 

of 7Li NMR represents the cumulative effect of the solvents and anion. The (downfield) 

positive shift of the 7Li NMR spectra in the TPFPB-F− systems compared with the baseline and 

reference electrolytes represents the weaker coordination of the Li-ion by the electronegative 



solvents and less contribution of anions, suggesting a weak Li+ solvation sheath. The strong 

down-field shift in the MA solvents suggests that the weak overall Li ion solvation is achieved 

in the MA electrolyte, which further promotes Li ion transportation kinetics. 

 

Figure 3. Radial distribution functions (RDF) of (a) Gen2_0.1 M, and fluoride-transferred Li 

salt in (b) MA or (c) MP solvents. (d) Probabilities of solvation structures in fluoride-transferred 

electrolytes with various ester solvents, in which solvent-separated ion pairs and contact ion 

pairs are colored in red and blue, respectively. Snapshots of Li solvation shells in fluoride-

transferred Li salt in (e) MA or (f) MP solvent.  

Classical molecular dynamics (MD) simulations were conducted to analyze the difference in 

ion diffusion coefficients at the atomic scale for electrolytes containing TPFPB-F ions (Figure 

3). The LiF salt concentration in each electrolyte was set to 0.1 M to extract the effects of 

TPFPB-F ions and the primary solvents. RDF analysis was used to investigate the solvation 

structures around the Li ions (Figures 3a-3c). In the Gen2 (0.1 M LiPF6) electrolyte, PF6 anions 

exhibited minimal participation within the solvation structure (Figure 3a). However, in the 0.1 

M TPFPB-F electrolyte, the anion coordination number was observed to be higher than that in 

the LiPF6 electrolyte. It is evident that the complex TPFPB-F ions are formed by the fluoride-

transfer reaction as shown in Figure 2. The TPFPB-F anions still exhibit a high localized charge 

density on the F atom even after the fluoride transfer reaction, leading to relatively strong 

binding between TPFPB-F anions and Li ions. Although the bulky size of the TPFPB-F anion 



induces the steric hindrance to Li solvation, it competes with the binding of solvents in 

solvation structures. 

The participation of TPFPF-F complex anions in the solvation structure varies with the primary 

ester solvents and their dielectric constants. For MA solvent, the anion coordination number 

showed the lowest value of 0.31 at 3.18 Å compared to other ester-based solvents, indicating 

minimal anion participation and relatively higher involvement of the MA solvent in the 

solvation structure (Figure 3b). In contrast, the anion coordination number in the MP solvent 

was nearly 1.0, with a value of 0.82 at the same position, indicating that most of the TPFPB-F 

ions were participating in the solvation structure (Figure 3c). The anion coordination numbers 

in EA, EP, and PP-based electrolytes were also higher than that of MA-based electrolytes 

(Figure 3d). The variations in contact ion pair (CIP) formation were influenced by the chain 

length of the solvents. MA solvent with short chain length and high dielectric constant exhibited 

the lowest probability of forming CIP structures, while other solvents with longer chains and 

low dielectric constant demonstrated an increased tendency for CIP formation due to the steric 

hinderance between solvents. This trend is also corresponding to the dielectric constant of 

solvents. 

Using long-chain solvents such as MP, EP, and PP not only facilitates high anion coordination 

but also increases the coordination number of FEC in the Li ion solvation structure, with values 

of 0.59, 0.21, and 0.38, respectively (Figures 3c and S3b-3c). In most cases, FEC participates 

in the solvation structure with a composition of 2:1:1 (main solvent:FEC:anion) (Figure S6). 

This can be explained by the increase in steric hindrance induced by the anion in the CIP 

structure, which makes the relatively small FEC molecule likely to enter the first solvation 

shell. EA, on the other hand, exhibits a relatively low degree of CIP formation, and the 

coordination number of FEC is 0.02, indicating that FEC barely participates in the solvation 

structure (Figure S3a). To note, the TPFPB-F ions randomly interact with the main ester 

solvent and FEC. Although EA has the same chain length as MP and shows no significant 

difference in viscosity, it is known for EA to have a higher donor number.42 RDF analysis also 

reveals that while other solvents exhibit a high peak with Li ions around 1.83 Å, EA shows a 

closer distance of approximately 1.80 Å, indicating stronger interactions with Li ions. This 

suggests that EA solvates Li ions more aggressively, reducing the CIP ratio and FEC’s 

participation in the solvation structure. The solvation structures, visualized at a specific time 

point (Figures 3e-3f), demonstrate that MA-based electrolytes exhibit partial CIP formation 



compared to other solvents. 

 

 

Figure 4. Mean squared displacement profiles of Li ions and anions in (a) Gen2, (b) MA-, and 

(c) MP-based electrolytes. (d) Diffusion coefficients and transference numbers of various 

electrolytes from MD simulations.  

To compare the diffusion coefficients and transference numbers for each electrolyte, mean 

squared displacement (MSD) calculations were performed over 10 ns (Figure 4); details of the 

calculation parameters are provided in the Methods section. The diffusion coefficient of PF6 

anions is significantly larger than that of Li ions in Gen2 due to the large size of solvated Li 

ions (Figure 4a). However, in MA-based electrolytes, the Li ion diffusion coefficient was the 

highest at 6.97e-6 cm2s-1, and the transference number was also the highest at 0.65 (Figure 4b). 

In EP- and PP-based electrolytes, the CIP moves together, as evidenced by similar MSD 

behavior of Li ions and TPFPB-F ions (Figures S4-S5). Consequently, the transference 

numbers for EP and PP solvents were 0.53 and 0.47, respectively, approaching 0.50. While MP 



solvents exhibited lower viscosity compared to EP and PP and higher diffusion coefficients for 

both cations and anions, the high CIP ratio in MP electrolytes results in a transference number 

of 0.50 (Figure 4c). In EA-based electrolytes, although the SSIP ratio is higher than those of 

other longer-chain solvents, the strong interactions between the solvent and Li ions lead to 

lower diffusivity compared to MA and MP. In MA-based solvents, partial CIP formation and 

the high participation of primary solvents in the solvation structure led to distinct behaviors of 

ions and high transference number (Figure 4d). These characteristics significantly enhance Li-

ion diffusion and increase the transference number.  

 

 

Figure 5. (a) C-rate capabilities of Gen2, MA and MP electrolytes at temperature of −20°C. 

Cycling performances of Gen2, MA and MP electrolytes at C-rates of (b) C/10 or (c) C/3 at a 

temperature of −20°C. 

The peculiar conduction behavior of MA/LiF/TPFPB electrolyts was reflected in their lithium-

ion battery performance (Figure 5). In the differential capacity dQ/dV profiles of the TPFPB-

F electrolytes, the peak of LiDFOB additive reduction was observed at 2.25 V (Figure S7), 

indicating the electrochemical stability of TPFPB and the formation of stable DFOB-driven 

SEI layers on the graphite anodes. This also indicates that the electrochemical performances 

between the TPFPB-F electrolytes are determined by the conduction behaviors. To note, the 

amount of LiF was suppressed by the fluoride-accepting power of TPFPB in the XPS analysis 

(Figure S8). The rate capability of Gen2, MA, and MP electrolytes was measured at a low 

temperature of −20oC. The MA electrolyte showed the highest discharge capacity of 56.1 

mAh/g at 1 C rate, while Gen2 and MP electrolytes exhibited limited capacities of 39.4 mAh/g 

and 17.0 mAh/g, respectively. This is due to the combined effect of high transference number 

and ionic conductivity of MA electrolyte. When comparing the cells with Gen2 and MP 



electrolyte, the overpotential of Gen2 was slightly lower than that of MP electrolyte, resulting 

in a better rate capability (Figure S9). The superior performance was also confirmed by long-

term cyclability at low temperature of −20oC (Figures 5b-5c). The MA electrolyte showed an 

exceptionally stable cycling performance with a high-capacity retention of 92.2% after 250 

cycles, indicating a limited lithium plating due to the low overpotentials at low temperatures 

(Figure S10). The high stability of MA electrolyte was continued at an elevated rate of C/3, 

exhibiting an extremely high capacity retention of 85.1% even after 1000 cycles. The superior 

performance of the MA electrolyte was also confirmed by rate capability at a lower temperature 

of −40oC (Figure S11). 

In conclusion, we have developed a novel electrolyte system based on the fluoride-acceptor 

tris(pentafluorophenyl) borane (TPFPB) and LiF salt in ester-based solvents. The fluoride 

transfer reaction, driven by the electron-deficient boron center in TPFPB, enabled the 

dissociation of otherwise insoluble LiF, as confirmed by mass spectrometry and NMR analysis. 

The resulting fluoride-transferred anions (TPFPB-F⁻) introduced unique ion transport 

mechanisms, enhancing both the lithium-ion transference number and ionic conductivity. 

Notably, an exceptionally high transference number of 0.848 and ionic conductivity of 5.0 mS 

cm⁻¹ were achieved in methyl acetate (MA)-based electrolytes, attributed to MA's high 

dielectric constant and solvent-dominated solvation structure—properties difficult to attain in 

conventional liquid electrolytes. Molecular dynamics simulations further revealed that Li⁺ ions 

are strongly solvated by MA, resulting in significantly higher diffusion coefficients compared 

to TPFPB-F⁻ anions. The optimized electrolyte, incorporating LiDFOB as an additive and FEC 

as a co-solvent, formed a stable solid electrolyte interphase (SEI) on graphite anodes and 

delivered superior performance at −20 °C without any indication of lithium plating. This work 

provides new insight into the role of fluoride-transferred anions in achieving high transference 

number electrolytes, advancing the development of low-temperature, fast-charging lithium-ion 

batteries and beyond. 

 



Methods 

X-ray photoelectron spectroscopy (XPS): 

XPS analysis was conducted on a PHI 5000 VersaProbe II system (Physical Electronics) with 

a base pressure of ∼2×10-9 torr. The spectra were obtained using an Al Kα radiation (hυ=1486.6 

eV) beam (100 μm, 25 W), with Ar+ and electron beam sample neutralization, in Fixed 

Analyzer Transmission mode with a pass energy of 11.75 eV. Subtracting a Shirley background 

and then fitting the spectra to multiple Gaussian peaks was performed on all spectra using the 

Multipack software from Physical Electronics. The area under the XPS peaks (the sum of the 

Gaussian components) was adjusted using manufacturer-calibrated relative sensitivity factors 

and normalized to obtain elemental concentrations. The same normalization factors were used 

to plot XPS signal intensities as concentration per unit energy (at % eV-1). Binding energy was 

calibrated by shifting every region to align the C 1s peak of C-C/C-H environments at 284.8 

eV. 

Computational Simulation: 

Molecular dynamics (MD) simulations were conducted using LAMMPS to analyze the 

diffusivity and solvation structures of various electrolytes. The OPLS-AA force field43 was 

applied to all molecules, and coulombic interactions were obtained using CHELPG44 charges 

calculated at the MP2/aug-cc-pVTZ level of theory with Gaussian 16 software. Missing 

intermolecular parameters, such as those for boron, were obtained from references45, 46 and 

validated through relaxed potential energy surface scans. The force field parameters for Li+ and 

PF6− were derived from references.47 The systems were constructed using Packmol48 to 

randomly distribute molecules according to their volume ratios, weight ratios, and molar 

concentrations: (1) EC/EMC 3/7 (w/w) 1.2M LiPF6 : 259/512/96, (2) EC/EMC 3/7 (w/w) 0.1M 

LiPF6 : 292/577/8, (3) MA/FEC (9/1 v/v) 0.1M Li(TPFPB-F) : 843/104/8, (4) MP/FEC (9/1 

v/v) 0.1M Li(TPFPB-F) : 695/104/8, (5) EA/FEC (9/1 v/v) 0.1M Li(TPFPB-F) : 685/104/8, (6) 

EP/FEC (9/1 v/v) 0.1M Li(TPFPB-F) : 582/104/8, (7) PP/FEC (9/1 v/v) 0.1M Li(TPFPB-F) : 

507/104/8. Periodic boundary conditions were applied to represent bulk electrolyte 

environments, and a time step of 1 fs was used. A cutoff distance of 1.2 nm was applied for 

Lennard-Jones interactions, while long-range interactions were calculated using the particle-

particle-particle mesh (PPPM) method. Initial equilibration was performed for 2 ns under the 

NPT ensemble at 298.15 K and 1 atm. A thermal treatment process followed, where the 



temperature gradually increased to 500.15 K over 1 ns and maintained for another 1 ns under 

the NVT ensemble, before being slowly reduced back to 298.15 K. The system was further 

equilibrated for 33 ns under the NVT ensemble at 298.15 K to achieve thermal equilibrium. 

After a total equilibration period of 38 ns, diffusivity and solvation structures were analyzed 

for over a 10 ns interval from 38 ns to 48 ns. Solvation structure probabilities were calculated 

from trajectory files over a 5 ns interval (43 ns to 48 ns) at 0.01 ns intervals to derive average 

probabilities. Snapshots of solvation structures for each electrolyte were visualized at 48 ns. 

Diffusion coefficients were calculated using the following equation: 

𝐷𝑖𝑜𝑛 = lim
𝑡→∞

𝑀𝑆𝐷(𝑡)

6𝑡
,  𝑡𝐿𝑖+ =  

𝐷𝐿𝑖+

𝐷𝐿𝑖+ + 𝐷𝑃𝐹6
− 𝑜𝑟 𝑇𝑃𝐹𝑃𝐵−𝐹−
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