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ABSTRACT A series of trifluoromethanesulfonamide solvents were synthesized with 

systematically controlled ring size (4-6) at the N-terminal to tune their steric and electronic 

properties to realize enhanced contact ion pairs for the formation of anion-derived SEI and 

compatibility with the NMC811 cathode. Comparative analyses of electrolytes revealed that 

the 1.6 M LiFSI 1-azetidine trifluoromethanesulfonamide (AzTFSA) electrolyte presents the 

ideal combination of steric and electronic effects along with high oxidation stability up to 5 V 

and a Coulombic efficiency of 99.2% in Cu-Li half-cells at 1mA cm–2 and 1 mAh cm–2. The 

corresponding full cells using 20 μm of Li foil paired with the NCM811 cathode by a negative 

and positive capacity ratio (N/P) of 2.5, achieve 80% capacity retention after 150 cycles at 0.5 

C. Even at a high charge cut-off voltage of 4.6 V, the Li|NCM811 full cell still realizes 92% 

retention at 0.5 C after 100 cycles. 
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The growing demand for high energy density batteries led to increasing focus on the Li metal 

anode, which has an extremely high theoretical specific capacity of 3860 mA h g−1 compared 

to that of graphite1-4. However, the detrimental Li dendrite growth, low Coulombic efficiency, 

short cycle life, and side reactions with the electrolyte hinder the practical application of the 

Li metal anode. In particular, the low thermodynamic stability of the electrolytes towards the 

Li metal anode leads to uncontrolled side reactions, which in turn leads to the formation of 

inhomogeneous and unstable solid-electrolyte interface (SEI) causing nonuniform Li 

deposition, thus promoting the growth of lithium dendrites as well as the accumulation of dead 

Li5-7, which leads to severe performance degradation of the Li metal battery (LMB) during 

cycling8. In this direction, electrolyte engineering emerged as a promising approach to control 

the composition of SEI, for which various solvent, salt, and additive combinations have been 

investigated to form an anion-derived inorganic-rich SEI9-13. While linear and cyclic carbonate 

ester electrolytes have been successfully applied in conventional Li-ion batteries, when paired 

with Li metal anode, they form an organic-rich, non-uniform, and mechanically weak SEI, 

which exacerbates lithium dendrite formation and electrolyte decomposition14. Ether 

electrolytes, on the other hand, show good compatibility with the Li metal anode due to their 

high reductive stability (high LUMO). The main issue is their limited voltage stability (below 

4 V), which hinders pairing with the high-voltage NMC811 cathode15,16. Fluorosulfonamides 

emerged as promising solvents that mimic commonly used salts such as LiFSI and LiTFSI, 

combining excellent high-voltage stability with Li metal compatibility to enhance LMB's 
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performance and safety17, 18. However, owing to their complex synthesis and cost, there are a 

rather limited number of fluorosulfonamide-based solvents reported in the literature. 

The solvation structure of the electrolytes has been shown to have a profound impact on the 

SEI composition and morphology19 and can be identified in three ways, namely solvent-

separated ion pairs (SSIP), contact ion pairs (CIP), and aggregated ion pairs (AGG). Both CIP 

and AGG can induce the formation of an inorganic-rich SEI20 as the anion is located close to 

Li+, and the LUMO level is shifted from the solvent to the anion so that it gets preferentially 

reduced21. The formation of CIP and AGG can be induced by increasing the salt concentration, 

adding diluents, or modulating the electronic properties of the solvent molecules by 

introducing electron-withdrawing groups and/or by controlling the steric properties of 

solvents3, 22-27. Highly concentrated electrolytes (HCEs) reduce the amount of free solvent and 

increase the ratios of CIP and AGG owing to their high salt content in the electrolyte 28. 

However, HCEs suffer from high viscosity, poor wettability, and high cost. Localized high-

concentration electrolytes (LHCEs) overcome these drawbacks by introducing a non-solvating 

co-solvent/diluent, enabling a similar solvation structure to HCEs at lower salt 

concentrations29. While the use of LHCEs enabled high CEs and enhanced cycle life, it has 

been recently demonstrated that they exhibit limited calendar life owing to the corrosion of 

the Li metal anode30. More recently, weakly coordinating electrolytes (WCEs) have emerged 

as promising candidates in this direction, which involves the gradual decrease in the solvation 

power, without over-fluorination, of a solvent through molecular structure control to increase 

the CIP and AGG content3, 31, 32. WCEs also offer significant gains in terms of ionic conductivity 
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over LHCEs and HCEs. In this direction, the targeted molecular functionalization approach 

has been successfully applied to a variety of solvent molecules33, 34. Extending/shortening the 

chain length of ethylene-bridge and/or methyl groups of DME, as well as the introduction of 

-F atoms commonly applied to form WCEs through steric/electronic control11. Ideally, solvent 

fluorination should be kept to a minimum due to the additional challenges that arise from the 

recycling of such solvents35. 

Salt-like sulfonamide solvents as WCEs can be grouped into two classes mimicking LiFSI  

(fluorosulfonamides) or LiTFSI (trifluoromethylsulfonamides). The modification of the N-

termini enables the formation of new electrolyte solvents36-38. The application of dimethyl 

trifluoromethyl sulfonamide (DmTFSA) electrolyte with a high-voltage NMC811 cathode and 

Li metal anode by Xue and coworkers17 triggered significant interest and further structural 

modification of these weakly solvating solvents. Despite being known as high-voltage tolerant 

solvents, there is limited understanding of their solvation structure and its correlation with 

the SEI composition and morphology along with the electrochemical performance. In this 

work, we systematically varied the size of the functional groups at the N-terminus in 

trifluoromethanesulfonamides to tune both steric and electronic properties of these weakly 

solvating solvents and investigated their impact on the electrolyte solvation structure and 

electrochemical performance. We systematically studied the structure-property relationship 

of different cyclic amine substituents in trifluoromethanesulfonamides, namely, 

dimethylamine (DmTFSA), azetidine (AzTFSA), pyrrolidine (PyTFSA), piperidine (PiTFSA), 

and morpholine (MoTFSA). Dissolution of bis(fluorosulfonyl)imide (LiFSI) salt in these 
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solvents results in electrolytes with ultra-high oxidation tolerance up to 5 V. Among all the 

electrolytes, AzTFSA provides ideal steric and electronic control to enhance CIP and AGG 

formation due to its low Li+ solvation ability and structural rigidity, rendering less 

conformational freedom towards Li+ solvation. This enables preferential anion reduction at the 

Li metal anode and the formation of a LiF-rich, inorganic, and stable SEI layer. 1.6 M AzTFSA 

electrolyte showed enhanced compatibility with the Li metal anode and a wide 

electrochemical window, which enables stable cycling of NMC811 at a high cut-off voltage of 

4.6 V with a limited 20 μm Li metal anode (N/P = 2) and 20 μL of electrolyte at 0.5C with a 

capacity retention of 90% after 100 cycles.  

The DmTFSA can be modified at the N-terminus or the S-terminus39, 40. We reasoned that 

the introduction of bulky and rigid amine substituents could not only impact the electron 

density at the sulfonamide oxygen but also modify the solvation structure through the steric 

crowding in the first solvation shell, thus favoring the formation of CIP and AGG. 

Accordingly, we synthesized a series of trifluoromethanesulfonamide solvents, namely, 

DmTFSA, AzTFSA, PyTFSA, PiTFSA, and MoTFSA. AzTFSA was synthesized from the HCl 

salt of azetidine instead of the free amine. The 1H, and 19F-NMR analyses prove the successful 

synthesis of the solvents (Figures S1-S9).  We have recently demonstrated that electrostatic 

potential (ESP) surface map visualization data can be correlated to the solvation power of the 

solvents11. To probe the impact of the substituents, we calculated the ESP minimum of the 

synthesized sulfonamide solvents by density functional theory (Figure 1a). The ESPmin values 

increase from MoTFSA < DmTFSA < AzTFSA < PiTFSA  < PyTFSA  (Figure 1a). Based on their 
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ESPmin values, these solvents can be classified as weakly solvating solvents. Except for the 

morpholine with an additional O atom in the cycle, these results suggest smaller substituents 

on the N-terminus lead to lower ESPmin values (Table S1). It should, however, be noted that 

ESP calculations do not consider the steric effects of the substituents on the Li+ solvation 

ability, thus they should be considered together. The electrolytes were prepared by dissolving 

1.6 M LiFSI in the electrolyte solvent, which was determined to be the solubility limit, except 

for the PiTFSA, for which only 1 M LiFSI can be dissolved. The linear sweep voltammetry 

(LSV) analysis confirmed the high oxidative stability of all the solvents as previously reported 

for DmTFSA (Figure 1b). Notably, the ionic conductivity decreases with increasing ring size 

of the substituent on the nitrogen (Figure 1c), thus demonstrating the significant effect of the 

N-substituents on the ionic conductivity of the electrolyte. The transference number of the 

electrolyte reaches a maximum for AzTFSA and PiTFSA (Figure 1d). MoTFSA showed 

negligible ionic conductivity, thus suggesting the negative impact of the large ring size and the 

O atom on the morpholine ring. Accordingly, MoTFSA was excluded from the subsequent 

characterizations.  
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Figure 1. (a) Molecular structure and ESP mapping of sulfonamide solvents. (b) Oxidation 

stability of electrolytes in Li|Al half cells obtained from LSV. (c) Ionic conductivity of 

sulfonamide electrolytes measured in coin cell configuration. (d) Li+ transference number of 

sulfonamide electrolytes. 

In order to test the ability of the modified sulfonamide electrolytes to enable reversible Li 

plating and stripping, the modified Aurbach test was performed41. The Aurbach test confirms 

the high Coulombic efficiency (CE) of AzTFSA, DmTFSA and PyTFSA electrolytes compared 

to that of PiTFSA (Figure 2a). The CE of the electrolytes was also tested in Cu-Li cells by 
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plating and stripping at a capacity of 1 mAh cm−2 at 1 mA cm−2 after preconditioning of 10 

cycles at 0.05 mA cm−2 (Figure 2b)15. Both AzTFSA and DmTFSA electrolytes were able to 

deliver CE values over 99% during the entire cycling. However, the DmTFSA electrolyte 

showed a much earlier cell failure. In addition, PiTFSA solvent showed a high overpotential 

for Li plating and stripping and an average CE below 98%. The high CE values of DmTFSA, 

AzTFSA, and PyTFSA prompted us to further study their interfacial stability with Li metal, 

and electrochemical impedance spectroscopy (EIS) was performed in a Cu-Li cell and cycled 

at 0.5 mA cm−2 with a cut-off capacity of 0.5 mAh cm−2 (Figure S10). The impedance evolution 

clearly shows that in the AzTFSA electrolyte a stable interface is obtained after the first 40 

cycles whereas DmTFSA and PyTFSA showed continuously increasing impedance. To further 

verify the compatibility of AzTFSA, DmTFSA and PyTFSA with Li metal, asymmetric Li-Cu 

cells were assembled. After a precycling step, 5 mAh cm−2 of Li was plated on Cu and 

subsequently stripped and plated with 1 mA cm−2 and a cut-off capacity of 1 mAh cm−2 (Figure 

2c). AzTFSA and DmTFSA both show stable overpotential for 200 h. Afterwards, the 

overpotential for DmTFSA increases drastically compared to AzTFSA. PyTFSA electrolyte 

showed more severe overpotential growth and cell failure after 200 h.  Cyclic voltammetry 

(CV) was performed to understand the reductive stability of the electrolytes. Two distinctive 

peaks are visible in the CV plots of DmTFSA and AzTFSA (Figure S11). The first peak 

corresponds to LiFSI decomposition, which occurs around 2.4 V to 1.4 V, depending on the solvent 

system42-45. The electrolyte decomposition occurs at a similar voltage for all the electrolytes 

before 0 V. However, AzTFSA shows a lower decomposition current compared to DmTFSA 
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during the first cycle as well as after the subsequent cycles, suggesting better interfacial 

stabilization.     

 

Figure 2. (a) Average CE test of sulfonamide electrolytes by Aurbach method. (b) CE test of 

Li||Cu asymmetric cells using different electrolytes at 1 mA cm−2 with a cutoff capacity of 1 

mAh cm−2. (c) Voltage−time profiles of Li||Li symmetric cells with different electrolytes.      
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The morphology of the plated Li metal on Cu substrates with 1.6 M DmTFSA, 1.6 M AzTFSA, 

1.6 M PyTFSA electrolytes was imaged by scanning electron microscopy (SEM). 5 mAh cm-2 

of Li was deposited on Cu substrate, the Li metal plated in 1.6 M AzTFSA electrolyte showed 

uniform Li grain morphology with a good surface coverage (Figure S12). Compared to 1.6 M 

DmTFSA and 1.6 M PyTFSA, the deposited Li grains were large and densely packed. The Li 

morphology evolution during cycling was studied by depositing a Li metal capacity of 1 mAh 

cm-2 at 0.5 mAh cm-2 for 20 cycles. The plated Li metal retained its large and uniform grain 

size and did not show dendrite growth (Figure S13). FT-IR analysis was performed to gain 

further insights into the solvation structure of the sulfonamide electrolytes.  The intensity of 

the free FSI−    peak at 1370 cm−1 gradually decreased from PyTFSA, DmTFSA to AzTFSA, 

suggesting increasing ion pairing (Figure 3b)46. Raman spectroscopy analysis was carried out 

for 1.6 M DmTFSA, 1.6 M AzTFSA, and 1.6 M PyTFSA electrolytes (Figure 3c). Meanwhile 

the Raman band of the S-N-S mode of FSI- and the -CF3 of the sulfonamide solvent are located 

at similar wavenumbers in the range of 720  cm-1 to 750 cm-1, 1.6 M DmTFSA and 1.6 M 

AzTFSA clearly show the presence of new peaks at 743 cm-1 and 753 cm-1, which corresponds 

to AGG and CIP formation15, 34. The FT-IR and Raman data collectively suggest the highest 

AGG and CIP formation in the 1.6 M AzTFSA electrolyte in line with the Li-Li symmetric cell 

results followed by the DmTFSA.  Mostly overlapping peak shapes of the PyTFSA and 1.6 M 

PyTFSA in the Raman spectra (Figure 3c), pointed to the limited formation of CIP and AGG 

owing to its higher Li+ solvation power compared to both AzTFSA and DmTFSA. NMR analysis 

was performed to further probe the solvation structure of the electrolytes. 7Li NMR shows the 
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largest upfield shift for 1.6 M PyTFSA and the smallest for 1.6 M DmTFSA (Figure 3d). A larger 

upfield shift can originate from either stronger solvation power towards Li+ by the solvent or 

enhanced Li+-FSI- interaction.  

 

Figure 3.  (a) Molecular structure of the investigated sulfonamide solvents. (b) FTIR spectra of 

different solvents and electrolytes. The black line corresponds to the pure solvent and the 

colored line to the mixed electrolyte. (c) Raman spectra of different solvents and electrolytes 

were obtained using a 785 nm laser. The black line corresponds to the pure solvent and the 

colored line to the mixed electrolyte.  (d) 7Li, (e) 19F, and (f) 17O NMR spectra of DmTFSA, 
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AzTFSA and PyTFSA. The intensities of the oxygen spectra were normalized. The black line 

corresponds to the pure solvent and the colored line to the mixed electrolyte. 

Considering the Raman spectrum, FT-IR spectrum, and the ESP mapping of PyTFSA (Figure 

3a), the larger upfield shift in the case of 1.6 M PyTFSA is attributed to stronger solvation of 

Li+ by sulfonamide oxygen. In the case of 1.6 M DmTFSA and 1.6M AzTFSA, the relatively 

larger upfield shift of 1.6 M AzTFSA is attributed to enhanced Li+-FSI- contact in 1.6 M 

AzTFSA compared to 1.6 M DmTFSA owing to the combined steric and electronic effects. This 

interpretation agrees well with the Raman and FT-IR spectra. The 19F-NMR (Figure 3e) in the 

LiFSI region (50-53 ppm) further confirms that 1.6 M AzTFSA shows more Li+-FSI- pairing 

than 1.6 M DmTFSA due to the relative upfield shift of 1.6 M AzTFSA. These findings are 

further confirmed by 17O-NMR analysis (Figure 3f), which shows an upfield shift in the 

sulfonamide oxygen of 1.6 M DmTFSA compared to 1.6 M AzTFSA. 1.6 M PyTFSA shows a 

very broad peak with very low signal intensity after LiFSI salt is dissolved. This result could 

be due to the strong binding of Li+ to the sulfonamide oxygen, which leads to a peak 

broadening. As the ESP values of AzTFSA and DmTFSA only differ by about 4 kJ/mol (Table 

S1), the increased ion pairing is, therefore, mostly created by the steric influence of the 

azetidine ring, which is small and rigid and does not allow bending of the molecule to 

accommodate Li+ coordination. These findings further emphasize the impact of steric and 

electronic effects.  The investigation of the solvation structure of the electrolytes confirms the 
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increased ion-pair formation in 1.6 M AzTFSA electrolyte, which explains its enhanced 

compatibility with Li metal anode.  

NCM811 (9.3 mg/cm2) full cells with 1.6 M DmTFSA and 1.6 M AzTFSA were tested to 

evaluate the effect of the electrolyte modifications in a practical cell setting. 20 μm Li on Cu 

foil was used as the anode (N/P = 2.5), and 20 μL of electrolyte for the full cells (Figure 4a). 

The cells were charged and discharged between 4.3 V and 3 V at 0.5C (1C = 188 mAh/g) with 

two formation cycles at 0.1C. The Li||NCM811 full cell with the 1.6 M LiFSI AzTFSA was able 

to cycle up to 150 cycles with 80% capacity retention at 0.5C. The superior performance of 

AzTFSA over DmTFSA and PyTFSA was attributed to the more efficient stabilization of the 

electrode-electrolyte interface.  
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Figure 4. (a) Li-NMC811 full cell performance of 1.6 M DmTFSA and 1.6 M AzTFSA, cycled 

between 3 V and 4.3 V with 0.5C. (b) Li-NMC811 full cell performance of 1.6 M AzTFSA 

cycled between 2.8 V and 4.6 V with 0.5C. (c) Voltage trace of Li-NMC811 full cell 

performance of 1.6 M AzTFSA cycled between 2.8 V and 4.6 V with 0.5C. 

To confirm the excellent high-voltage compatibility of 1.6 M AzTFSA electrolyte, full cells 

with NMC811 (9.3 mg/cm2) and 20 μm Li on Cu foil as the anode (N/P ratio of 2) and 20 μL of 

electrolyte were cycled between 2.8 V and 4.6 V at 0.5C (1C = 200 mAh/g) with two activation 

cycles at 0.1C (Figure 4b). After 100 cycles, the corresponding full cell delivered a specific 
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capacity of 178.2 mAh/g and a capacity retention of 92%. The corresponding dQ/dV plot shows 

that after 100 cycles with a upper cutoff voltage of 4.6 V, the H2-H3 peak has not decayed in 

1.6 M AzTFSA electrolyte (Figure S14). 

The high intrinsic oxidative stability of the sulfonamide electrolyte (Figure 1b) coupled with 

an AGG-enriched solvation structure leads to an anion-derived CEI, which was verified by the 

deconvoluted XPS F1s spectrum obtained after 25 cycles, indicating high LiF content and 

homogeneous distribution along the depth (Figure S15a). The outer CEI shows S-F and LiF 

contributions, which can mainly be attributed to LiFSI decomposition47, 48. After 180 s of Ar 

sputtering, the inner CEI mainly consists of LiF. The S=O peak in the O1s spectrum, which 

can be attributed to salt decomposition, decreases in intensity after 180 s of sputtering, whereas 

the M-O peak increases, indicating the formation of a thin CEI (Figure S15b).  XPS depth 

profile analysis was performed on the Li metal (20 µm) anode after cycling Li||NCM811 full 

cell. The full cell with 1.6 M AzTFSA was cycled for 25 cycles (Figure S16a-d) to probe the 

composition and homogeneity of the SEI. The surface XPS of the electrode suggests the 

preferential decomposition of LiFSI as well as the participation of the AzTFSA in the SEI 

formation.  In the F1s spectrum at 0 s of Ar sputtering, the S-F (688.3 eV) contribution shows 

anion decomposition at the Li metal anode (Figure S16a). After 60 s of Ar sputtering, the F1s 

spectrum reveals high LiF content (684.6 eV), which is distributed homogenously along the 

depth. LiFSI decomposition is further confirmed by the S=O (532.3 eV) peak in the O1s 

spectrum and the SO2F (170 eV, 168.82 eV) peak in the S2p spectrum (Figure S16b and S16d). 
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In the S2p spectra (Figure S16d), an obvious Sn2− peak (161.5 eV, 162.3 eV) was observed for 

the 1.6 M AzTFSA, indicating a reduction of the anion at the surface, the intensity of which 

gradually decreased along the depth48. The C1s spectrum (Figure S16c) shows that the organic 

content of the SEI gradually decreased along the depth, which was accompanied by an increase 

in the content of inorganic species.   We also observed an increase in the Li2O (528.2 eV) 

content along the depth of the SEI. These results suggest the formation of a stable, bilayer SEI 

structure with an inorganic-rich inner layer and an outer organic layer, thus explaining the 

improved Li metal compatibility of the 1.6 M AzTFSA through solvation structure 

engineering. 

In summary, we demonstrated the rational design of fluorinated sulfonamide solvents by 

tuning the substituent at the N-terminus to optimize the Li+ solvation structure and boost 

electrochemical performance. We also demonstrated the critical role of steric and electronic 

effects to favor CIP and AGG formation in weakly coordinating electrolytes over solvent-

separated ion pairs, SSIPs. This leads to improved Li metal compatibility and high voltage 

stability, enabling stable operation under challenging conditions at high voltage in a Li-

NMC811 full cell using a single salt solvent electrolyte. This work highlights that solvation 

structure engineering by increasing ion-pairing through steric and electronic control can be 

outside the traditional substrate scope of ethers. Furthermore, it gives insight into the complex 

structure-property relationship of salt-like solvents with different cyclic amine substituents.    
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