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Effect of organic cations in locally concentrated ionic liquid 

electrolytes on the electrochemical performance of lithium metal 

batteries 

Abstract 

Organic cations are essential components of locally concentrated ionic liquid 

electrolytes (LCILEs), but receive little attention. Herein, we demonstrate their 

significant influence on the electrochemical performance of lithium metal batteries via 

a comparison study of two LCILEs employing either 1-butyl-1-methylpyrrolidinium 

cation (Pyr14
+) or 1-ethyl-3-methylimidazolium cation (Emim+). It is demonstrated that 

the structure of the organic cation in LCILEs has only a limited effect on the Li+- 

bis(fluorosulfonyl)imide anion (FSI-) coordination. Nonetheless, the coordination of 

FSI- with the organic cations is different. The less coordination of FSI- to Emim+ than 

to Pyr14
+ results in the lower viscosity and faster Li+ transport in the Emim+ based 

electrolyte (EmiBE) than the Pyr14
+-based electrolyte (PyrBE). Additionally, the 

chemical composition of the solid-electrolyte interphase (SEI) formed on lithium metal 

is affected by the organic cations. A more stable SEI growing in the presence of Emim+ 

leads to a higher lithium plating/stripping Coulombic efficiency (99.2%). As a result, 

Li/EmiBE/LiNi0.8Mn0.1Co0.1O2 cells exhibit a capacity of 185 mAh g-1 at 1C discharge 

(2 mA cm-2) and capacity retention of 96% after 200 cycles. Under the same conditions, 

PyrBE-based cells show only 34 mAh g-1 capacity with 39.6% retention. 

Keywords: organic cations, ionic liquids, locally concentrated electrolytes, lithium 

metal batteries  
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1. Introduction 

Lithium metal, with its high theoretical specific capacity (3860 mAh g-1) and low 

redox potential (-3.04 V vs. SHE), is the ideal anode material for the next-generation 

high-energy-density rechargeable batteries, i.e., lithium metal batteries (LMBs) [1]. 

Nonetheless, lithium dendrite formation, limited plating/stripping Coulombic 

efficiency (CE), and safety concern are still blocking the road to room-temperature 

LMBs' application [2,3]. Among the strategies proposed to mitigate these issues [4–6], 

electrolyte design via selecting and adjusting electrolyte components, e.g., lithium salt 

and solvent, appears to be one of the most effective and feasible approaches [7–10]. 

Ionic liquids (ILs), exhibiting low flammability and high compatibility with 

lithium metal anodes, are promising electrolyte candidates for long-life and safe LMBs 

[11]. But their sluggish Li+ transport at room temperature limits the rate capability of 

the cell [12,13]. Recently, adding non-solvating and low-viscosity hydrofluoroether 

(HFE) to IL-based electrolytes has been proven an effective strategy in promoting the 

Li+ transport without compromising the Li plating/stripping CE, thanks to the reduced 

solution viscosity and unlocked hopping-type Li+ transport [14–16]. Such HFE-ILs 

hybrid electrolytes are named as locally concentrated ionic liquid electrolytes (LCILEs) 

[14–16]. Despite substantial improvement with respect to bare IL electrolytes, the cells 

employing the LCILEs with optimized Li+ concentration, anion and HFE, still exhibit 

limited rate capability when the current density approaches 2 mA cm-2 [14,16]. 

Therefore, further rational design of the components is still required to break this 

limitation. 
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Organic cations are also essential components of LCILEs. Begić et al. 

demonstrated that the organic cation affects the electrical double layer at the 

electrode/IL electrolyte interface employing atomic force microscopy and molecular 

dynamics (MD) simulations [17,18]. Based on X-ray photoelectron spectroscopy (XPS) 

and mass spectrometry investigations, it has been recently proposed that organic cation 

also participates in the formation of solid-electrolyte interphase (SEI) in IL electrolytes 

[13,19,20]. The interfacial properties, including the electrical double layer and SEI, are 

crucial for the electrochemical performance of the lithium metal anode (LMA) [21–26]. 

Therefore, further optimization of the organic cation of LCILEs may promote Li+ 

transport and cell performance. Nonetheless, the organic cation receives little attention 

in the investigation of LCILEs. Their role in the electrolytes' ion-coordination and SEI 

formation remains unclear. 

The most commonly used organic cations in LCILEs are pyrrolidinium cations 

[14,16], e.g., 1-butyl-1-methylpyrrolidinium cation (Pyr14
+, C9H20N

+). 1-ethyl-3-

methylimidazolium cation (Emim+, C6H11N2
+), exhibiting rather different 

conformation, could lead to different ion-ion interaction. It has been reported that 

Emim+-based IL electrolytes offer lower solution viscosity and, consequently, faster 

Li+-ion transport than Pyr14
+-based IL electrolytes [27,28]. Moreover, the different 

chemical composition of Emim+ and Pyr14
+ may result in different SEI chemistries. To 

the best of our knowledge, Emim+-based LCILEs have not been studied yet. 

Herein, the physicochemical characteristics and the electrochemical performance 

in LMBs of two LCILEs, i.e., [LiFSI]1[EmimFSI]2[BTFE]2 (EmiBE) and 
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[LiFSI]1[Pyr14FSI]2[BTFE]2 (PyrBE) (BTFE stands for bis(2,2,2-trifluoroethyl) ether 

(a typical HFE solvent) and FSI is the bis(fluorosulfonyl) imide anion), are investigated 

to understand the influence of the organic cations. The chemical sketches of the 

components are shown in Figure S1. Compared with PyrBE, EmiBE exhibits faster Li+ 

transport and higher lithium plating/stripping Coulombic efficiency (99.2%). As a 

result, Li/EmiBE/LiNi0.8Mn0.1Co0.1O2 cells exhibit superior rate capability and 

cyclability with respect to PyrBE-based cells. Besides, investigations of the ion-ion 

interaction, solution structure, and solid-electrolyte interphase's chemical composition 

were also carried out to elucidate the role of the organic cation. 

2. Material and methods 

2.1. Materials 

Molecular sieves (3 Å, Alfa Aesar) were activated at 300 °C under vacuum (10-3 

mbar) for more than one week. BTFE (98%, Sigma Aldrich) and DMC (Battery grade, 

UBE) were dried with the activated molecular sieves for three days before use. LiFSI 

(99%, PROVISCO CS) was dried at 120 °C under vacuum (10-3 mbar) for 24 h before 

use. EmimFSI (99.5%, Solvionic) and Pyr14FSI (99.5%, solvionic) were dried stepwise 

from room temperature to 60 °C in vacuum range of 10-7 mbar for 3 days. Lithium 

metal foil (thickness 500 m, Honji Metal Co., LTD) was used as received. PE sheet 

(SV718, Asahi Kasei Company) was dried at 40 °C under vacuum (10-3 mbar) for 24 h. 

2.2. Electrolyte preparation and electrochemical measurements 

The electrolyte preparation was carried out in an Ar-filled glove box with H2O and 

O2 levels < 0.1 ppm. The dried LiFSI was firstly dissolved in the dried EmimFSI or 
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Pyr14FSI, and these binary electrolytes were further dried at 60 °C in vacuum range of 

10-7 mbar for 3 days. The EmiBE and PyrBE ternary electrolytes were prepared via 

mixing the fully dried binary electrolytes with the pre-dried BTFE. 

The NMC811 electrode tape with Al as current collector were purchased from 

Targray, consisting 90 wt. % NMC811, 5 wt % PVDF binder, and 5 wt % Super P. The 

mass loading of NMC811 is 10 mg cm-2. The cathode tap was cut into disks with a 

diameter of 1.2 cm and then dried at 110 °C under vacuum (10-3 mbar) for 12 h before 

use. 

CR2032-type coin cells employing lithium discs with a diameter of 14 mm as 

counter electrode and the dried PE discs as separators were assembled. 75 L 

electrolytes were added to each cell. For Li/Li, Li/Cu, and Li/NMC811 cells, lithium 

discs ( = 14 mm), Cu foil ( = 19 mm), and NMC811 electrode ( = 12 mm) were 

used as the working electrodes, respectively. All the electrochemical measurements 

were carried out at 20 °C. The galvanostratic measurements were performed with a 

Maccor series 4000 battery cycler. The impedance evolution of the Li/Li coin cells 

employing different electrolytes upon cycling was measured with the VMP in the 

frequency range of 1 MHz to 50 mHz with a sinusoidal perturbation of 10 mV. 

2.3. Characterization 

The self-diffusion coefficient of the species in the electrolytes were examined via 

pulsed field gradient (PFG) NMR. The samples were prepared in a dry room with a dew 

point  -70C. The EmiBE and PyrBE ternary electrolytes were transferred to 5 mm 

NMR tubes, equipped with a capillary containing deuterated dimethylsulfoxide 
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(DMSO-d6), and immediately flame-sealed. NMR measurements were performed at 

293 K without sample spinning with a Bruker NEO 500 console (11.74 T) equipped 

with a direct observe BBFO (broadband including fluorine) iProbe and a variable-

temperature unit. The instrument was carefully tuned, shimmed, and the 90° pulses 

calibrated. 1H, 19F and 7Li self-diffusion experiments were performed using the bipolar 

pulse longitudinal eddy current delay (BPP-LED) pulse sequence by applying sine-

shaped pulsed magnetic field gradients along the z-direction up to a maximum strength 

of G = 53.5 G cm−1. Flash points of the electrolytes were measured using a Grabner 

Instruments MINIFLASH FLP flashpoint tester according to ASTM D6450-CCCFP 

(Flash-Point by Continuously Closed Cup) in the temperature range of 25-300 C. The 

conductivity of the electrolytes was determined via electrochemical impedance 

spectroscopy by an integrated liquid conductivity system MCS 10 (Material Mates-

Biologic) sealed high temperature conductivity cells (HTCC, Material Mates) with Pt-

black electrodes were used. The conductivity values averaged over 60 min (around 60 

data points) were used. The cell constants were determined using a 0.01 M KCl standard 

solution. The electrolytes' viscosity was tested in a dry room environment utilizing an 

Anton-Paar MCR 102 rheometer, applying a constant shear rate of 10 s-1, and using a 

Peltier system for cooling/heating. The viscosity values averaged over 2.5 min (50 data 

points) are used. The Raman measurements were recorded on a RAM II FT-Raman 

module of a Bruker Vertex70v FT-IR spectrometer with a laser wavelength of 1064 nm 

and laser power of 300 mW. Scanning electronic microscopy (SEM) images were 

obtained using a Zeiss LEO 1550 microscope. The cross-section of the lithium 
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electrodes was made with a scissor in the glove box. XPS measurements were 

conducted in an ultrahigh vacuum surface analysis system (10−10 mbar) by Phoibos 150 

XPS spectrometer (SPECS –Surface concept) equipped with a micro-channel plate and 

Delay Line Detector and monochromatized Al Kα (1486.6 eV) X-ray in a fixed analyzer 

transmission mode. The scans were acquired with an X-ray sources of 200 W, 30 eV 

pass energy and 0.1 eV energy step. The depth profiling was carried out using a focused 

ion gun for 5 keV Ar+ for 12 min, which correspond to an etching depth of 9.6 nm. 

Since polyhydrocarbons are expected on the surface of the deposited lithium metal due 

to the electrolyte decomposition, the photoelectron spectra were calibrated using C-

C/C-H peak of polyhydrocarbons (285.0 eV) as reference [29,30]. The peak fitting was 

carried out by CasaXPS software, using Shiley-type background and 70% Gaussian – 

30% Lorentzian profile function. For the post-mortem characterization, the electrodes 

were removed from cells and washed with the dried DMC in the Ar-filled glove box. 

The samples were sealed in transfer boxes to prevent exposure to humid air for SEM, 

and XPS measurements. 

2.4. MD simulation 

Molecular dynamics simulations were carried out using Amber 18 software [31] 

exploiting the GAFF force field [32]. The atomic partial charges were obtained with 

the RESP algorithm from DFT calculations run with Gaussian09e at the B3LYP/6-

311++G** level of theory [33]. The starting random molecular arrangements were 

obtained by Packmol [34]. The simulation went through different steps starting from a 

geometrical relaxation, followed by a gradual heating of the system from 0 to 50K in 
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several NVT sessions. The systems were then equilibrated at 300K for 20ns in NPT 

ensemble, and for further 20ns in NVT. A final productive NVT phase of 10ns was then 

used for the analysis. For the productive phase the timestep used was 2fs, and the 

simulation was dumped every 1000 steps, obtaining a final trajectory of 5000 frames 

spaced by 2ps each. In order to account for charge transfer and polarization effects, the 

atomic charges of the ionic species were scaled by a factor 0.74, which is known to 

return reliable results for ionic liquids [35]. The trajectories were analyzed with Travis 

[36,37]. The simulation goodness was checked by comparing the theoretical and 

experimental densities as shown in the Table S1. 

3. Results and Discussion 

The formulation, density, and Li+ concentration of the EmiBE and PyrBE are 

shown in Table 1. Due to the low weight content of the BTFE, i.e., 32.1% in EmiBE 

and 30.4% in PyrBE, no flash point is detected in the temperature range of 25-300 C, 

indicating a low flammability of the electrolytes. 

The ionic conductivities and viscosities of EmiBE and PyrBE at 20 C are 

summarized in Figure 1a and b, respectively. As expected, EmiBE shows lower 

viscosity and higher ionic conductivity than PyrBE. The ionic conductivity of EmiBE 

is 9.6 mS cm-1, which is higher than PyrBE (4.0 mS cm-1) and the previously reported 

PyrBE-based LCILEs ( 4 mS cm-1) [14–16], demonstrating a superior ionic transport. 

It should be noticed that Li+, FSI-, and the organic cations all are ionic charge carriers 

and contribute to the ionic conductivity, while only Li+ ions account for the operation 

of LMBs. Therefore, the self-diffusion coefficient (Di) of the ions in the electrolytes 
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was examined via PFG-NMR. The results are shown in Figure 1c. All ionic species 

exhibit higher self-diffusion coefficients in EmiBE than PyrBE, well matching the 

lower viscosity of the former electrolyte. Specifically, the Li+ self-diffusion coefficient 

in PyrBE is 1.9210-11 m2 s-1, which is close to the value reported for Pyr13
+-based 

LCILE [14]. In comparison, EmiBE exhibits a higher Li+ diffusion coefficient, 3.5010-

11 m2 s-1, indicating for a higher mobility of Li+. 

The apparent Li+ transference numbers are calculated according to the following 

equation: 

𝑡 =
𝐷𝐿𝑖𝑥𝐿𝑖

𝐷𝐿𝑖𝑥𝐿𝑖 +𝐷𝐹𝑆𝐼𝑥𝐹𝑆𝐼 + 𝐷𝐸𝑚𝑖𝑚/𝑃𝑦𝑟14𝑥𝐸𝑚𝑖𝑚/𝑃𝑦𝑟14
 

where xi denotes the mole fraction of the ionic species i. For example, the xLi, xFSI, and 

xEmim of EmiBE is 1/6, 2/6, and 3/6, respectively. The calculated apparent Li+ 

transference numbers in EmiBE and PyrBE are 0.12 and 0.13, respectively. 

Considering the higher ionic conductivity of EmiBE than PyrBE and the similar 

apparent Li+ transference number in these two electrolytes, one can infer that EmiBE 

exhibits a faster Li+ transport than PyrBE, which is identical to the higher Li+ self-

diffusion coefficient in EmiBE. The superior Li+ transport in EmiBE is beneficial to 

cells' rate capability. 

The physicochemical properties are usually associated with the microstructure of 

the solution, e.g., ion-ion interactions [38–40]. However, the Raman spectra (as shown 

in Figure S2) reveal similar Li+-FSI- coordination in EmiBE and PyrBE. The average 

number of FSI- coordinating to each Li+ is 2.66 and 2.72 in EmiBE and PyrBE, 

respectively. Therefore, the organic cation has a minimal effect on the Li+-FSI- 
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coordination. Due to the intrinsic difference between the organic cations, i.e., Emim+ 

and Pyr14
+, their coordination difference is not accessible via Raman spectroscopy. 

To understand the difference in the solution structure of the two electrolytes, MD 

simulations were performed. The computed densities of EmiBE (1.5297 g cm-3) and 

PyrBE (1.4487 g cm-3) from MD simulations match well with the experimental data, 

respectively, 1.5334 g cm-3 and 1.4369 g cm-3, indicating for the quality of the 

simulations. The snapshots of EmiBE and PyrBE are displayed in Figure 2a and b, 

respectively. The yellow spheres, red sticks, blue sticks, and cyan clouds represent Li+, 

organic cation, FSI-, and BTFE, respectively. A microheterogeneity can be seen in both 

electrolyte solutions. Most ions, including Li+, FSI-, and organic cations, gather forming 

ionic networks. BTFE with a few FSI- and organic cations, but no Li+, produces a micro-

domain distinguished from the ionic network. Taking a close look at the ionic network, 

one can find that Li+ ions are directly coordinated by the FSI- anions, which are further 

surrounded by the organic cations. 

The solvation of Li+ with the oxygen atoms in FSI- was first characterized by means 

of radial distribution functions (RDF) as shown in Figure 2c. RDF profiles of both 

systems show a sharp peak at 2.1 Å which indicates strong interaction between Li+ and 

FSI-. To further check for differences in the Li+-FSI- interactions of the two systems, 

the Li+ coordination number population has been extracted, showing, again, not a big 

difference between the two systems. Both of them have a probability larger than 60% 

for a Li+ to be surrounded by five oxygen atoms; the average number of oxygen atoms 

from FSI- coordinating to each Li+ was calculated to be 4.8 and 4.7 for EmiBE and 
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PyrBE, respectively. The similar Li+-FSI- coordination concluded from the MD 

simulation is identical to what has been observed from Raman spectra (Figure S2), 

further confirming the goodness of the MD model. Therefore, the differences between 

the electrolytes cannot originate from the Li+-FSI- solvation properties. It should be 

noted that five coordinating oxygen atoms do not mean five FSI- anions in the first 

solvation shell of Li+, as each FSI- has, potentially, four oxygen coordination sites. 

The focus is then shifted to the organic cations, i.e., the only chemically different 

species in the two electrolyte systems. The geometric center of ring was taken as a 

reference to check the corresponding RDF with the oxygen atoms from FSI-. The RDF 

patterns, shown in Figure 2e, appear to be markedly different. The analysis of the 

coordination number population evidences distinct results: Emim+ is coordinated on 

average by 3.6 oxygen atoms from FSI-, while Pyr14
+ has on average 4.4 oxygen atoms 

from FSI- in its first solvation shell. 

The coordination of BTFE has been also extracted, but is very similar in both 

electrolyte systems (Figure S3). Therefore, the most significant difference in these two 

electrolyte solutions is the coordination of the organic cations and FSI-. Compared with 

that of Pyr14
+, the less coordination of Emim+ with FSI- is beneficial to a lower solution 

viscosity, contributing to the faster Li+ transport in EmiBE [41]. 

The electrochemical performance of LMAs in the two electrolytes were evaluated 

in Li/Li and Li/Cu cells at 20 C. Figure 3a shows the Li/Li cells' voltage profiles at 

different current densities, but a constant capacity of 1 mAh cm-2 for each 

stripping/plating cycle. The cell employing EmiBE shows a polarization of 138 mV at 
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2 mA cm-2, and can operate at a current as high as 3.0 mA cm-2. When PyrBE is used 

as the electrolyte, much higher cell polarizations are observed, e.g., 252 mV at 2 mA 

cm-2, and short circuit occurs already during the cycling at 2.5 mA cm-2. The superior 

rate performance of the LMAs in EmiBE is associated with its faster Li+ transport with 

respect to PyrBE. 

Despite the lower cathodic stability of Emim+ with respect to Pyr14
+,[42] the severe 

cathodic decomposition of EmiBE is not seen from the linear sweep voltammograms 

(LSVs) of Cu working electrodes (Figure S4a). Moreover, the replacement of Pyr14
+ 

with Emim+ even promotes the Li stripping/plating CE which was evaluated via the 

cycling of lithium metal deposited on Cu [43]. Before cycling, one formation cycle was 

performed plating 5 mAh cm-2 of Li on the Cu substrate and stripping the Li to 1 V. 

Afterward, 5 mAh cm-2 Li was first deposited on the Cu electrode to grant a Li reservoir, 

followed by repeatedly Li stripping/plating at 1 mAh cm-2 for 11 cycles. Finally, the 

remaining Li metal after the 11 cycles was stripped to 1 V. The voltage evolution of the 

cells upon the measurement is shown in Figure 3b. By dividing the total stripping 

capacity by the total plating capacity after the initial formation cycle, the average CE is 

calculated to be 99.2% and 98.8% for EmiBE and PyrBE, respectively. The cyclability 

of LMA in these two electrolytes was further assessed in Li/Li symmetric cells via 

continuous galvanostatic cycling at a current density of 1.0 mA cm-2 and a cycling 

capacity of 1 mAh cm-2 (2 h/cycle). The voltage evolution is shown in Figure 2c. The 

cell employing PyrBE exhibits a rapid increase of cell polarization (from 128 mV at the 

50th cycle to 254 mV at the 300th cycle) and a limited cyclability (332 cycles). In 
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contrast, the cell employing EmiBE exhibits a slower polarization increase (from 71 

mV at the 50th cycle to 117 mV at the 300th cycle) and a cyclability exceeding 500 

cycles. The voltage profiles of the cells during a few selected cycles are shown in 

Figure S5. The Nyquist plots of the Li/Li cells after different cycles (1-240 cycles) are 

shown in Figure S6. The ohmic and interfacial resistances increase upon cycling in 

PyrBE, revealing continuous degradation of electrolyte and LMA in PyrBE, but are 

quite stable in EmiBE, indicating for a higher stability of the Li/EmiBE interface 

[23,44].  

The more severe degradation of LMA in PyrBE is clearly visualized by the SEM 

images of the lithium metal electrodes after 100 stripping/plating cycles (1 mA cm-2, 1 

mAh cm-2). EmiBE leads a denser surface layer (Figure 3d), while the surface of the 

lithium electrode cycled in PyrBE is porous (Figure 3e). Remarkable difference is also 

seen from the cross-sectional SEM images of the cycled lithium foils. After cycling in 

EmiBE, the surface layer on top of the bulk lithium has a thickness of 28 m (Figure 

3f), while, in high contrast, the one observed on the lithium metal cycled in PyrBE is 

87 m (Figure 3g). SEM images with higher magnification can be found in Figure S7. 

This agrees with a more stable SEI on LMA in EmiBE. 

To investigate the difference of the LMAs' surface chemistry in EmiBE and PyrBE, 

XPS analysis of Li metal deposited on a Cu substrate at 0.5 mA cm-2 for 3 h was 

performed. The morphology of the deposited Li is displayed in Figure S7. 

Figure 4a shows the results obtained for the lithium metal deposited from EmiBE. 

From the surface survey, the presence of C=C (284.4 eV) [45], C-N (287.4 eV) [46], 
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and N-C=N (288.9 eV) [47,48] in the C 1s spectrum clearly results from the 

decomposition of Emim+, demonstrating that the organic cations do contribute to the 

SEI formation on deposited Li metal. The peak at 291.4 eV is assigned to C-F groups 

from the decomposition of BTFE [29]. The C-C/C-H peak at 285.0 eV originates from 

the decomposition of Emim+ and/or BTFE. In the O1s spectrum, two minor peaks at 

530.5 eV and 531.4 eV are assigned to Li2O and LiOH [45], respectively, while two 

dominant peaks at 533.3 eV and 534.9 eV reflect the O-S (SOx) groups from FSI- and 

the O-C group from BTFE [49], respectively. The presence of the decomposition 

products of BTFE (C-F at ~ 690 eV) and FSI- (S-F at ~ 687 eV) is also seen in F 1s 

spectra. In N 1s spectra, four component peaks are identified. The smallest peak at 

398.7 eV is assigned to Li3N forming via the complete reduction of FSI- [11]. The peak 

at 400.7 eV represents negatively charged nitrogen atoms (N-) from the FSI- 

decomposition, while the peaks at 401.9 eV and 404.0 eV reflect the neutral (N0) and 

positively charged (N+) nitrogen atoms from the Emim+ decomposition, respectively 

[47,49]. As demonstrated in literature, the N+ of organic cations, e.g., Emim+ and Pyr14
+, 

can convert to N0 via C-N decomposition [50,51]. Therefore, the signal of N0 is 

relatively stronger than that of N+, although there is an equal amount of N+ and N0 in 

each Emim+ [19]. These results indicate that all the electrolyte components, i.e., Emim+, 

FSI-, and BTFE, contribute to the SEI formation on LMAs. 

After 12 min Ar+ sputtering, the chemical composition of the SEI does not change, 

but small changes in the concentration of some species are observed. Deeper into the 

SEI, the signals of the species originating from the decomposition of Emim+ and BTFE, 
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e.g., C-N peak (C 1s), O-C peak (O 1s), and C-F peak (F 1s), show weakened intensities, 

indicating that these two species contribute more to the outermost SEI layer. In contrast, 

the features resulting from the FSI- decomposition, e.g., O-S peak (O 1s), S-F peak (F 

1s), N- peak (N 1s), as well as Li3N peak (N 1s), strengthen upon sputtering, suggesting 

an increased contribution of FSI- to the deeper SEI layer. 

The XPS results obtained with PyrBE are shown in Figure 4b. The signal of F 1s 

and N 1s show a much lower intensity than in EmiBE (note that the intensity scale is 

normalized). Especially for the N 1s spectrum, of which the signal-to-noise ratio is very 

low, leading to difficulties in the fitting. Compared with those in Figure 4a, the peaks 

representing the features of the FSI- and BTFE decompositions, e.g., C-F peak (C 1s), 

O-S peak (O 1s), O-C peak (O 1s), C-F peak (F 1s), and S-F peak (F 1s), show much 

lower intensity, indicating a reduced contributions of these two species to the SEI. The 

Pyr14
+ decomposition is suggested by the presence of the C-N peak in the C 1s spectrum, 

but its intensity is much lower than that of the C-C/C-H peak, which is in strong contrast 

to what is observed for EmiBE (C 1s spectrum in Figure 4a). Such a difference can be 

explained by the different atomic ratio of C/N in Emim+ (3:1) and Pyr14
+ (9:1). The 

lower N content in Pyr14
+, together with the lower decomposition of FSI-, result in the 

relatively low intensity of the signals in the N 1s spectrum. The variation of the SEI 

chemical composition after the Ar+ sputtering shows a similar trend as the one formed 

in EmiBE. Even though more FSI- and fewer Pyr14
+ decomposition species are 

evidenced, the overall trend described above does not substantially change. 
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Additionally, the PyrBE induced SEI is composed by another species related with 

carbon-oxygen bonds. As observed in Figure 4b, the peak at 288.6 eV in C 1s spectra 

and the peaks at 533.7 eV and 531.7 eV in O 1s spectra indicate the presence of O-C=O, 

which does not belong to the components of the Pyr14
+. The O-C=O group could be 

introduced by the decomposition of dimethyl carbonate used to wash the lithium 

electrode [52], which is not observed on the lithium electrode deposited from EmiBE. 

This is coherent with that the SEI formed in EmiBE to be more stable and protective 

than that in PyrBE, which well agrees with the electrochemical performance reported 

in Figure 3. The difference in the SEI formed on lithium metal in the two electrolytes 

clearly demonstrates the influence of the organic cations on the SEI’ chemical 

composition and stability. 

Due to a good anodic stability of the electrolytes (as shown in Figure S4b), 

Li/LiNi0.8Mn0.1Co0.1O2 (NMC811) coin cells were assembled and measured at 20 C 

within the 2.8-4.4 V voltage window to further evaluate the influence of the ionic liquid 

cation. The mass loading of the NMC811 was 10 mg cm-2, and the current collector is 

Al foils. Despite the use of the FSI- anion, the electrolytes can still effectively passivate 

Al foil current collectors, avoiding severe anodic corrosion of Al current collectors as 

demonstrated in Figure S8. 

The effects of discharge rates on the cell performance was first evaluated [53]. 

After five formation cycles at C/10 (1C = 2 mA cm-2), the cells were discharged at 

different C-rates with a constant charge rate of C/3. The discharge specific capacity 

upon the various measurements is summarized in Figure 5a. The specific capacity at 
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C/10 reaches 208 and 197 mAh g-1 in EmiBE and PyrBE electrolytes, respectively. 

However, the cell employing PyrBE exhibits limited capacities of 181, 168, and 34 

mAh g-1 at the discharge rate C/3, C/2, and 1C, respectively. On the other hand, the cell 

using EmiBE delivers much higher capacities (198, 195, and 185 mAh g-1 at C/3, C/2, 

and 1C, respectively). The dis-/charge profiles of the cells cycled at the different rates 

are shown in Figure 5b and Figure S9. The influence of the charge rate was also 

examined as summarized in Figure S10. For instance, with a charge rate of 1C and a 

discharge rate of C/3, the Li/EmiBE/NMC811 cell showed a high capacity of 191 mAh 

g-1, while the Li/PyrBE/NMC811 cell cannot operate due to the lithium dendrite growth 

(Figure S10d). The significantly promoted rate capability obtained with EmiBE is 

clearly associated with the faster Li+ transport. 

The cyclability of the Li/NMC811 cells was also evaluated with a charge rate of 

C/3 and a discharge rate of 1C after two formation cycles at C/10, as shown in Figure 

5c [54]. PyrBE not only leads to a limited specific capacity but also to low capacity 

retention, 39.6%. In high contrast, the cell employing EmiBE exhibits a capacity 

retention of 96% after 200 cycles and an average CE of 99.91%, indicating superior 

cyclability and reversibility performance. The dis-/charge profiles of the cells at the 

selected cycled upon cycling are shown in Figure S11. After 200 cycles in EmiBE, the 

lithium metal anode only shows limited degradation (Figure S12), once again proving 

the high compatibility of EmiBE with LMAs. 

4. Conclusions 
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The structure of the organic cation in LCILEs has only a limited effect on the Li+-

FSI- coordination. Nonetheless, the coordination of the organic cations to FSI- is 

different, affecting the physical properties of the electrolyte solutions. The less 

coordination of FSI- to Emim+ than to Pyr14
+ participates in a lower viscosity and a 

consequently faster Li+ transport in EmiBE than PyrBE. Additionally, the two organic 

cations contribute differently to the SEI formation on lithium metal. In particular, the 

high N content of Emim+ with respect to Pyr14
+ results in a more stable SEI growing in 

the presence of the former cation. Overall, the use of Emim+ organic cation is effective 

in optimizing the Li+ ion transport and the chemistry and performance of the SEI formed 

on the Li anode, resulting in promoted electrochemical performance in terms of 

cyclability and rate capability of Li/Li and Li/NMC811 cells. 

Appendices 

Supporting Information is available from the internet or from the author. 
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Table 1. Compositions of the electrolytes 

  

Electrolyte Composition Molar ratio Mass ratio 
Density (20 C) 

/ g cm-3 

Li+ molarity (20 C) 

/ mol L-1 

EmiBE LiFSI:EmimFSI:BTFE 1:2:2 0.165:0.514:0.321 1.5334 1.35 

PyrBE LiFSI:Pyr14FSI:BTFE 1:2:2 0.156:0.539:0.304 1.4369 1.20 
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Figure 1. (a) Ionic conductivities and (b) viscosities of EmiBE and PyrBE at 20 C. (c) 

Self-diffusion coefficients of ions in EmiBE and PyrBE measured via PFG-NMR at 20 

C. 

  

EmiBE PyrBE
0

2

4

6

8

10

12

4.02

Io
n

ic
 c

o
n

d
u

c
ti

v
it

y
 /

 m
S

 c
m

-1

9.46

EmiBE PyrBE
0

10

20

30

40

50

60

70

80

67.5

41.5

V
is

c
o

s
it

y
 /

 m
P

a
 s

EmiBE PyrBE
0

2

4

6

8

3.50

4.38

D
if

fu
s

io
n

 c
o

e
ff

ic
ie

n
t 

/ 
1

0
-1

1
 m

2
 s

-1

 Emim+/Pyr14
+

 FSI-

 Li+
6.38

2.87
2.44

1.92

(a) (b) (c)



31 

 

 

Figure 2. MD simulation for the EmiBE and PyrBE electrolytes. Snapshots of the MD 

simulated boxes for (a) EmiBE and (b) PyrBE electrolytes. The yellow spheres, red 

sticks, blue sticks, and cyan clouds represent Li+, organic cation, FSI-, and BTFE, 

respectively. Radial distribution functions of (c) Li-O(FSI) and (e) Emim/Pyr14-O(FSI) 

pairs. Coordination number populations of (d) Li by O(FSI), (e) Emim/Pyr14 by O(FSI). 
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Figure 3. (a) Voltage profiles of Li plating/stripping processes in Li/Li cells at various 

current densities. (b) Li plating/stripping CE in Li/Cu cells. The inset shows the voltage 

profile of the last stripping process. (c) Long-term cycling voltage profiles for Li/Li 

cells. (d, e) Surface and (f, g) cross-section morphology of the Li foil after 100 cycles 

with a current density of 1 mA cm-2 and a stripping-plating areal capacity of 1 mA cm-

2 in (d, f) EmiBE and (e, g) PyrBE electrolytes. 
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Figure 4. XPS analysis of C 1s, O 1s, F 1s, and N 1s photoelectron lines for the lithium 

(1.5 mAh cm-2) deposited on Cu foil at 0.5 mA cm-2 in (a) EmiBE and (b) PyrBE 

electrolyte (surface and after Ar+ sputtering for 12 min). 
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Figure 5. Performance of Li/NMC811 cells employing EmiBE and PyrBE electrolytes. 

(a) Rate performance at different discharge C-rates with a constant charge rate of C/3 

after five formation cycles at C/10. (b) The dis-/charge profiles of the cells at few 

selected C-rate. (c) The evolution of CE and discharge specific capacity upon long-term 

cycling of the cells with a charge rate of C/3 and a discharge rate of 1C after two 

formation cycles at C/10. The mass loading of NMC811 is 10 mg cm-2. 1C is 200 mA 

g-1, equaling to 2 mA cm-2. 
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