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Abstract

Bis(trifluoromethylsulfonyl)imide (TFSI)-based ionic liquid (IL) has high thermal and 

electrochemical stability, but it is not an ideal battery electrolyte due to the poor rate capability 

of cells that use it, problematic anode compatibility, and high cost. The incorporation of a 

carbonate solvent could mitigate these problems, but it would also lead to serious Al current 

collector corrosion at high potential. This long-existing problem is overcome in this study by 

modulating the LiTFSI concentration and IL/carbonate ratio in the hybrid electrolyte. The Al 

corrosion and electrolyte decomposition side reactions at 5 V (vs. Li+/Li) can be suppressed in 

3 M LiTFSI 25%-IL electrolyte, in which good performance of a high-voltage LiNi0.5Mn1.5O4 

(LNMO) cathode is achieved. Capacities of 140 and 88 mAh g–1 were measured at 0.1 and 2 

C, respectively (vs. 25 mAh g–1 at 2 C for a plain LiTFSI/PMP–TFSI IL electrolyte). After 300 

charge-discharge cycles, 90% of the initial LNMO capacity was retained. This electrolyte also 

shows low flammability and great wettability toward a polyethylene separator. Moreover, this 

electrolyte allows elevated-temperature storage and operation of LNMO cells at 55 °C, which 

is not possible with the conventional carbonate electrolyte. Good compatibility of the 

electrolyte with a graphite anode is also demonstrated. The proposed electrolyte design concept 

has great potential for next-generation 5-V Li-ion batteries.

Keywords: high voltage, lithium battery, electrolyte design, rate capability, flammability
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1. Introduction

Lithium-ion batteries (LIBs) are currently the dominant energy storage devices for 

portable electronics and electric vehicles.1,2 Energy density and energy quality are both 

crucial.3-5 High-voltage energy is more useful than low-voltage energy because of the square 

relationship between electrical power P and battery voltage V (P = V2/R). Since the anode 

potential is limited to avoid Li metal electrodeposition, high-voltage cathodes are vital. Several 

high-voltage cathode candidates, such as nickel-rich layered oxides (LiNi1-xMxO2, M = Co, Mn, 

and Al), lithium-rich layered oxides (Li1+xM1-xO2, M = Mn, Ni, Co, etc.), spinel oxides (e.g., 

LiNi0.5Mn1.5O4), and polyanionic compounds (e.g., phosphates, sulfates, and silicates), have 

been proposed.6-8 However, the electrolyte is currently the bottleneck in the implementation of 

high-voltage LIBs.

The electrolyte greatly affects a battery’s actual performance.9,10 Unfortunately, a 

conventional carbonate electrolyte with LiPF6 salt is unsuitable for high-voltage cathodes, 

especially at elevated temperature like 55C. The first problem is poor electrochemical stability 

of the carbonate solvent, which undergoes oxidative decomposition at > 4.3 V (vs. Li+/Li).9,11 

This solvent is also highly flammable, thermally unstable, and volatile.12 High-voltage and 

high-temperature operations with this kind of electrolyte can lead to reliability and safety 

risks.13 The second problem is associated with LiPF6 salt, which can hydrolyze to generate LiF, 

POF3, and HF.14 In addition, LiPF6 salt undergoes heterolytic dissociation at elevated 

temperature to form LiF precipitate and PF5.15-17 The reaction of PF5 with residual water also 

produces HF, which tends to attack battery components.15 The water content in the electrolyte 

can be lowered, which is costly and time-consuming, but it can never be completely eliminated, 

remaining at usually ~20 ppm.14 The formation of HF is thus inevitable. Moreover, Li+ is 

trapped in precipitated LiF, and this Li+ loss degrades cell performance.18 The use of an 

alternative Li salt, such as lithium bis(trifluoromethylsulfonyl)imide (LiTFSI), has thus 
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attracted a lot of attention.19-22 LiTFSI has superior electrochemical and thermal stability as 

well as lower sensitivity toward hydrolysis compared to those of LiPF6.23

Ionic liquid (IL) electrolytes (especially TFSI-based ILs), characterized by wide 

potential windows, excellent thermal and chemical stability, non-volatility, non-flammability, 

and environmental friendliness,24-26 are potential candidates for high-voltage LIBs. However, 

the unsatisfactory high-rate performance of IL cells (traditionally ascribed to the low 

conductivity and high viscosity of ILs) and relatively high cost have limited practical 

applications. To overcome this problem, hybrid electrolytes that combine a TFSI-based IL with 

a carbonate solvent have attracted research interest. Appetecchi et al. investigated the 

physicochemical properties of a mixed electrolyte consisting of LiTFSI, N-propyl-N-

methylpyrrolidinium (PMP)–TFSI IL, and ethylene carbonate (EC)/diethyl carbonate (DEC) 

co-solvent, and used this electrolyte with Li4Ti5O12 and LiFePO4 electrodes.27 Balduci et al. 

showed that the addition of propylene carbonate into an LiTFSI/N-butyl-N-

methylpyrrolidinium–TFSI IL electrolyte can reduce viscosity and improve LiFePO4 charge-

discharge performance.28 Morita et al. significantly improved the electrochemical properties of 

both graphite and LiMn2O4 electrodes by introducing triethylphosphate and EC into an N-

methyl-N-propylpiperidinium–TFSI IL electrolyte.29 It is noted that this kind of hybrid 

electrolyte (TFSI-based IL/carbonate solvent) has been mainly used for low-voltage cathodes, 

such as LiFePO4.30−32 This could be ascribed to Al corrosion (LiTFSI was perceived to corrode 

Al in the presence of a carbonate solvent) and carbonate decomposition problems at high 

potential.28,33,34 To the best of our knowledge, a TFSI-based IL/carbonate solvent hybrid 

electrolyte with LiTFSI salt has never been successfully applied to a high-voltage cathode.

In the present study, LiNi0.5Mn1.5O4 (LNMO) is used as a model cathode because of its 

high charge-discharge potential of approximately 4.7 V (vs. Li+/Li), unique three-dimensional 
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ionic transport pathways, low cost, and environmental friendliness (it is cobalt-free).35-37 

Various ratios of PMP–TFSI IL and EC/DEC (1:1 by volume) solvent are systematically 

investigated. LiTFSI salt is used to avoid the drawbacks of LiPF6. The LiTFSI concentration 

and IL ratio critically affect the electrolyte coordination states, which determine the irreversible 

side reaction (Al corrosion and carbonate decomposition) rate at high potential. The proposed 

electrolyte shows low flammability and great compatibility with both the LNMO cathode and 

graphite anode. This work proposes an electrolyte design strategy for high-safety and high-

performance 5-V LIBs.

2. Experimental procedures

2.1 Preparation of LNMO powder and electrolytes

LNMO powder was synthesized using a co-precipitation method.38 An aqueous solution 

of NiSO4·6H2O and MnSO4·H2O was slowly pumped into a reactor at 50 °C. NH4OH and 

NaOH solution was used to maintain the pH at 10.5. Ni0.25Mn0.75(OH)2 precipitate with a 

particle diameter of 10−15 μm was thus obtained. This Ni0.25Mn0.75(OH)2 was homogenously 

mixed with Li2CO3 powder and calcined at 750 °C in air for 12 h, producing LNMO powder.

PMP–TFSI IL, purchased from Solvionic (99.9%), was vacuum-dried at 100 °C for 24 h 

before use. An EC (Kishida, battery grade) and DEC (Kishida, battery grade) mixed solvent 

(1:1 by volume) was blended with PMP–TFSI IL and various concentrations of LiTFSI (99.8%, 

Sigma-Aldrich) to create hybrid electrolytes. A conventional electrolyte, consisting of EC/DEC 

(1:1 by volume) and 1 M LiPF6 (Kishida, battery grade), was used for comparison. All the 

electrolytes were prepared in a glove box and dried using molecular sieves before use. The 

water content in the electrolytes, measured using a Karl Fisher titrator, was below 25 ppm. The 

ionic conductivity and viscosity of the electrolytes were measured using a TetraCon 325 

conductivity meter and a Brookfield DV-I viscometer, respectively.
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2.2 Cell assembly

The electrode slurry was prepared by mixing 80 wt% LNMO powder, 10 wt% super P, 

and 10 wt% poly(vinylidene fluoride) in N-methyl-2-pyrrolidone solution. The slurry was 

pasted onto Al foil and vacuum-dried at 100 °C for 12 h. The obtained electrode was then roll-

pressed and punched to match the required dimensions of a CR2032 coin cell. Li foil and a 

glass fiber membrane were used as the counter electrode and the separator, respectively. The 

coin cells were assembled inside an argon-filled glove box (Innovation Technology Co. Ltd.), 

where both the moisture and oxygen content levels were maintained at below 0.3 ppm.

2.3 Material and electrochemical characterization

The LNMO powder was examined using scanning electron microscopy (SEM), X-ray 

diffraction (XRD), transmission electron microscopy (TEM), and Raman spectroscopy. 

Thermogravimetric analysis (TGA; Perkin-Elmer TGA7) was performed to evaluate the 

thermal stability of the electrolytes, which were heated from room temperature to 600 °C at a 

heating rate of 5 °C min–1 under a nitrogen atmosphere. The electrolyte flammability was tested 

under air according to a previously proposed method.39 Briefly, a glass fiber membrane was 

used to adsorb electrolyte and then burned with an electric Bunsen burner. There was no air 

circulation and the distance between sample and fire was 123 mm. Linear sweep voltammetry 

(LSV) and electrochemical impedance spectroscopy (EIS) measurements were performed with 

a BiologicVSP-300 potentiostat. The charge-discharge properties (capacity, rate capability, and 

cycling stability) of the cells were evaluated using an Arbin BT-2043 battery tester. For each 

condition, at least five cells were measured. The performance deviation was typically within 

5%, and the reported data are the median values.

3. Results and discussion
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Figure 1 (a) shows the XRD pattern of our synthesized LNMO powder. All the 

diffraction peaks belong to a spinel crystal structure (JCPDS-80-2184) without any NiO or 

LixNiyO impurity phases. The powder morphology examined using SEM is shown in Figure 1 

(b), which reveals spherical aggregates that consist of rod-like substructures. The electron 

diffraction pattern in Figure 1 (c) shows an ordered array of diffraction spots that are associated 

with (022) and (004) planes of the cubic spinel structure. The appearance of extra diffraction 

spots with weaker intensity indicates the existence of Ni/Mn ordering in the crystal. 40, 41 Figure 

1 (d) shows a HRTEM micrograph, in which a highly ordered lattice of LNMO can be observed. 

The Raman spectrum in Figure 1 (e) exhibits distinguishable splitting of the F2g1 band at 598 

cm–1 and 621 cm–1, which is characteristic of P4332 space-group symmetry.42,43 The clear peaks 

at 165 cm–1 and 210 cm–1 confirm that the Ni and Mn sites are well ordered in the LNMO 

lattice, indicative of a P4332 (rather than Fd3m) structure.44

The electrochemical stability windows of conventional 1 M LiPF6/EC:DEC and 1 M 

LiTFSI/PMP–TFSI electrolytes are compared in Figure 2 (a). At a Pt electrode, the anodic 

decomposition potentials are ~4.2 and 5.6 V (vs. Li+/Li), respectively. The high stability of 

TFSI anions against oxidation allows the wide potential stability window.20,45 Figure 2 (b) 

shows the TGA data of the two electrolytes. The conventional carbonate electrolyte exhibits a 

significant weight loss of ~40% before 100 °C, where the solvent violently evaporates and 

LiPF6 starts to decompose into LiF and PF5.12,46 At 200 °C, there was almost no residue left on 

the TGA crucible. In contrast, the decomposition temperature for the IL electrolyte is higher 

than 400 °C, indicating excellent thermal stability and low volatility. The flammability testing 

results in Figure S1 reveal that the carbonate electrolyte ignited instantly and burned violently, 

whereas the IL electrolyte was not flammable and thus has fewer safety concerns. Figure S2 

shows the immersion test results of LNMO powder in the two electrolytes. Mn and Ni were 

clearly detected in the conventional electrolyte, whereas no dissolution of these elements was 

Page 7 of 27 Journal of Materials Chemistry A



8

found in the IL electrolyte. The trace amounts of PF5 and/or HF in the former electrolyte can 

attack LNMO,47 leading to its dissolution. Figures 2 (c) shows the charge-discharge curves of 

the LNMO half cell with the IL electrolyte recorded at various C rates (1 C ≡ 147 mAh g–1) at 

55 °C. Even at such elevated temperature and high cut-off potential of 5 V, great 

lithiation/delithiation performance was obtained. All the above properties indicate that the IL 

is an attractive LIB electrolyte.

The major hurdle of this electrolyte for practical applications is demonstrated in Figure 

2 (d), which reveals the poor rate capability of the LNMO cell (with 1 M LiTFSI/PMP–TFSI 

IL electrolyte) at 25 °C. The measured capacity at 2 C was as low as ~25 mAh g–1, 

corresponding to only 18% retention compared to the capacity at 0.1 C of 136 mAh g–1. 

According to the literature,9,48, 49 this is associated with the inferior ionic conductivity and 

viscosity (1.2 mS cm–1 and 220 cP, respectively) of the 1 M LiTFSI/PMP–TFSI IL, in contrast 

to those (7.2 mS cm–1 and 3.7 cP, respectively) of the 1 M LiPF6/EC:DEC electrolyte at 25 °C. 

In addition, the relatively low Li+ transference number of the IL electrolyte is unfavorable for 

high-rate performance.50,51 Improving the rate capability of high-voltage IL cells is our goal.

The organic carbonate solvent (EC:DEC = 1:1 by volume) was added into the IL 

electrolyte to modify its physiochemical properties. As shown in Figure 3 (a), with decreasing 

IL content (or increasing carbonate solvent ratio), the viscosity of the electrolyte monotonously 

decreases. For an LiTFSI concentration of 1 M, the optimal ionic conductivity of 6.6 mS cm–1 

was found for the 25%-IL/75%-EC:DEC electrolyte. A further decrease in PMP–TFSI content 

reduced the total ion concentration in the electrolyte, resulting in lower conductivity. 

Unfortunately, none of these electrolytes (with various amounts of EC/DEC addition) allowed 

normal charge/discharge of the LNMO cells. Figure 3 (b) shows the representative charging 

curve for the 50%-IL cell. During charging, the electrode potential cannot reach the cut-off 
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value, instead leveling off at ~4 V, which indicates the occurrence of some side reactions. 

Figure 3 (c) shows the linear sweep voltammetry (LSV) curves of bare Al foil in various 

electrolytes. In plain IL electrolyte, there was negligible current. The TFSI anions may either 

be inert (because few are in a free TFSI– state) or react with air-formed Al2O3 to generate the 

Al–TFSI complex, which is highly stable and insoluble in the IL electrolyte.52 In addition, the 

adsorbed PMP anions on the electrode surface may also contribute to Al passivation.53 With 

increasing carbonate solvent content, an irreversible anodic reaction, which took place at ~4 V, 

was promoted. The oxidation current is confirmed to be associated with Al pitting corrosion, 

as shown in Figure 3 (d). In the presence of carbonate solvent, probably due to its high 

dielectric constant, soluble [Al(TFSI)x](3-x)+ species are generated,54 leading to the dissolution 

of Al. We believe that this has prevented any successful use of this hybrid electrolyte for high-

voltage cathodes in the literature.

Of note, we found that the LiTFSI concentration significantly affects the LSV current. 

As shown in Figures 4 (a) and (b), higher LiTFSI concentrations (i.e., 2 M and 3 M) lead to 

lower anodic current densities at high potential compared to those in Figure 3 (c) (i.e., 1 M). 

The SEM images in Figures 4 (c) and (d) confirm that Al corrosion is indeed suppressed by 

increasing the concentration of LiTFSI. Raman spectroscopic analyses were conducted to gain 

insight into the coordination structures of the electrolytes. As shown in Figure 5, various 

vibrational modes of TFSI− are found in the range of 720–780 cm–1, depending on the 

coordination state. The band at ~740 cm–1 is assigned to free TFSI– anions (i.e., in a solvent-

separated state) without direct interaction with cations.55 When a TFSI– anion is coordinated 

with one or more cations, forming a contact ion pair (CIP) or an aggregate (AGG), the band 

shifts to ~ 745 or ~750 cm–1.52 As shown in the figure, the 1 M 50%-IL electrolyte has a 

dominant amount of free TFSI–, which favorably associate with Al to form soluble 

[Al(TFSI)x](3-x)+ species in the hybrid electrolyte,56 leading to Al dissolution. With increasing 
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LiTFSI concentration, the free TFSI– signal decreases, whereas the CIP and AGG components 

increase. In 3 M 50%-IL electrolyte, most of the TFSI– anions coordinate with electrolyte 

cations and thus have less activity toward reaction with Al.55,56 It is also noted that Li+ at a high 

concentration can solvate (or “fix”) a large amount of carbonate solvent molecules (with a high 

dielectric constant),55,57 constraining the solubility of [Al(TFSI)x](3-x)+ in the electrolyte.

Figure S3 shows the chronoamperometry data of Al electrodes recorded in various 

electrolytes at 5 V. The measured anodic current can be attributed to the anodic dissolution of 

Al and electrolyte decomposition. The data indicate that these side reactions are progressively 

inhibited with increasing LiTFSI and IL content. As shown in the Raman spectra in Figure S4, 

increasing the IL ratio favors the formation of CIP and AGG states, which decrease corrosivity. 

The IL also plays another role. The carbonate solvent molecules can partially donate their 

electrons to Li+ and PMP+ cations 58-60 and thus extend their anodic potential limit (because the 

release of another electron becomes more difficult). This argument is supported by Figure S5, 

in which 3 M 25%-IL electrolyte shows a higher decomposition potential than  that of 3 M 0%-

IL electrolyte. These data suggest that the LiTFSI, IL, and carbonate solvent ratio in the 

electrolyte should be properly designed to meet the requirements for high-voltage battery 

applications.

 Table 1 summarizes the side reaction current densities of the Al electrodes after 12 h 

shown in Figure S3. Interestingly, we found that as long as the side-reaction current density 

listed in Table 1 is higher than 10 μA cm–2, the correspondingly assembled LNMO cells cannot 

normally function (the charging curves are similar to that in Figure 3 (b)). For example, the 

charging curves of the 3 M LiTFSI/0%-IL cell is shown in Figure S6. Figure S7 compares the 

cyclic voltammetry of the 3 M LiTFSI/0%-IL and 3 M LiTFSI/25%-IL cells. The former cell 

showed a clear irreversible anodic reaction at high voltage, whereas the latter cell exhibited 
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ideal reversible Ni2+/N3+ and Ni3+/Ni4+ transitions between 4.6–4.9 V. Figures 6 (a)–(c) show 

the charge-discharge performance of the cells with 2 M LiTFSI/75%-IL, 3 M LiTFSI/25%-IL, 

and 3 M LiTFSI/50%-IL electrolytes (whose side reaction current densities are lower than 10 

μA cm–2), respectively, at 25 °C. The capacities measured at 0.1 C for all cells are ~140 mAh 

g–1. However, the capacity retention ratios at 2 C are 46%, 63%, and 15%, respectively, in 

contrast to 18% for the plain IL cell (Figure 2 (d)), indicating that the rate capability can be 

greatly improved if an optimized electrolyte is used. The ionic conductivity (viscosity) values 

of 2 M LiTFSI/75%-IL, 3 M LiTFSI/25%-IL, 3 M LiTFSI/50%-IL, and 1 M LiTFSI/100%-IL 

electrolytes are 0.5, 0.7, 0.3, and 1.2 mS cm–1, respectively (294, 255, 369, and 220 cP, 

respectively). Clearly, the electrolyte conductivity and viscosity are not the determining factors 

of cell rate capability. The hybrid electrolytes, even with lower conductivity and higher 

viscosity, enable better high-rate performance than that for the plain IL electrolyte.

EIS was used to further examine the impedance characteristics of various cells; the 

obtained data are shown in Figure 6 (d). The Nyquist spectra are composed of a semicircle at 

high frequency and a sloping line at low frequency, which can be characterized by the 

equivalent circuit shown in the figure inset, where Re, Rct, CPE, and W are the electrolyte 

resistance, interfacial charge transfer resistance, interfacial constant phase element, and 

Warburg impedance associated with Li+ diffusion inside the electrode active material, 

respectively.61 The Rct values, which are related to the Nyquist semicircle diameters, are 530, 

400, 960, and 830 Ω, respectively, for the 2 M LiTFSI/75%-IL, 3 M LiTFSI/25%-IL, 3 M 

LiTFSI/50%-IL, and 1 M LiTFSI/100%-IL cells. Rct, not Re, thus mainly governs the cell high-

rate capability. A high Li+ concentration with sufficient carbonate solvent content seems to 

facilitate Li+ desolvation (or decoupling from CIPs/AGGs) reactions, decreasing the charge 

transfer resistance. The composition of the cathode/electrolyte interface film also crucially 
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affects the Rct magnitude. Further material and electrochemical investigations are required to 

clarify the interface properties.

Figure 6 (e) compares the cycling stability of LNMO cells with various electrolytes 

measured at 1 C. After 300 charge-discharge cycles, the 2 M LiTFSI/75%-IL, 3 M 

LiTFSI/25%-IL, 3 M LiTFSI/50%-IL, and 1 M LiTFSI/100%-IL cells retained 74%, 90%, 91%, 

and 92% of their initial capacities, respectively. This trend is in line with the side-reaction 

current densities listed in Table 1. Less Al corrosion and electrolyte decomposition are 

essential for the long cycle life of batteries. It is noted that the conventional carbonate 

electrolyte (1 M LiPF6/EC:DEC) cell showed 20% capacity decay after the same number of 

cycles. The results show that the 3 M LiTFSI/25%-IL electrolyte not only leads to superior 

LNMO rate capability but also ensures satisfactory cell durability. Figure S8 shows the 

electrolyte Raman data before and after 20 charge-discharge cycles. The consistent spectra 

suggest that the coordination status of the 3 M LiTFSI/25%-IL electrolyte is stable upon 

cycling.

Figure 7 (a) shows the low flammability of the 3 M LiTFSI/25%-IL electrolyte. Due 

to the high LiTFSI concentration and IL incorporation, most of the carbonate molecules are 

solvated, leaving less free solvent to evaporate and cause fire.62 Thus, this electrolyte is much 

safer than the conventional carbonate electrolyte (see Figure S1). Although the plain IL 

electrolyte has difficulty penetrating commercial separators.63 Figure 7 (b) reveals that the 3 

M LiTFSI/25%-IL electrolyte can readily wet a polyethylene separator. Figure 7 (c) shows the 

great charge- discharge properties of the 3 M LiTFSI/25%-IL cell recorded at 55 °C after being 

stored at the same temperature for one week. Because Li+ mobility in both the electrolyte and 

electrode was enhanced, excellent lithiation/delithiation kinetics was observed. At a rate of 2 

C, a decent capacity of 95 mAh g–1 was obtained. In contrast, the conventional electrolyte (1 

Page 12 of 27Journal of Materials Chemistry A



13

M LiPF6/EC:DEC) cell failed under the same testing protocol  (data are shown in Figure S9). 

Under such harsh conditions, the carbonate electrolyte is thermally and electrochemically 

unstable, leading to cell failure. To verify the compatibility of the proposed electrolyte with the 

LIB anode, a graphite/Li half cell was examined. As shown in Figure 7 (d), good charge-

discharge performance with great rate capability was found, in sharp contrast to the poor 

compatibility between the plain TFSI-based IL electrolyte and graphite anodes.64-66 It is 

believed that the incorporated EC and high-concentration LiTFSI help generate an effective 

solid-electrolyte interphase layer on the graphite surface, enabling the highly reversible Li+ 

intercalation/deintercalation reactions. The proposed electrolyte is highly promising for high-

safety and high-reliability 5-V LIB applications.

4. Conclusions

This study showed that the Al corrosion problem of TFSI-based IL/carbonate solvent 

hybrid electrolytes can be effectively suppressed by simply adjusting the LiTFSI concentration 

(without the use of LiPF6 or sophisticated salts and additives) in the electrolyte. The IL to 

carbonate solvent ratio crucially affects the coordination states in the electrolyte, which 

influence corrosivity toward Al. A high Li+ concentration and the co-existence of the IL extend 

the anodic decomposition potential of the carbonate solvent, reducing the side reactions up to 

5 V. The rate capability of the LNMO cell was considerably improved by using the proposed 

electrolyte, as compared to using a plain 1 M LiTFSI/PMP–TFSI IL electrolyte. Rct, not Re, 

was confirmed to be the determining factor of cell high-rate performance. The 3 M LiTFSI 

25%-IL electrolyte is cost-effective (consisting of 75% conventional carbonate solvent), non-

flammable, and highly reliable (allowing great cycling stability and 55 °C operation of the 

LNMO cell). In addition, good wettability toward a polyethylene separator and great 

compatibility with a graphite anode were demonstrated for this electrolyte. This work proposed 
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a feasible strategy that involves modulating the Li salt concentration and IL/carbonate ratio for 

developing hybrid electrolytes for 5-V LIB applications.
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Table 1. Side reaction current densities (μA cm–2) of Al electrodes after being held at 5 V for 

12 hours in various electrolytes.

---: excess of solubility 

EC:DEC 25% IL 50% IL 75% IL 100% IL

1 M 28372.5 2288.1 1051.1 373.1 0.4

2 M 761.9 485.5 159.8 5.5 ---

3 M 122.1 1.2 1.1 --- ---
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Figure 1. (a) XRD pattern, (b) SEM image, (c) electron diffraction pattern, (d) high-resolution 

TEM image, and (e) Raman spectrum of synthesized LNMO powder.
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Figure 2. (a) LSV scans of Pt electrodes recorded in 1 M LiPF6/EC:DEC and 1 M 

LiTFSI/PMP–TFSI IL electrolytes with potential sweep rate of 1 mV s–1. (b) TGA data for the 

two electrolytes. Charge-discharge curves of LNMO cells with 1 M LiTFSI/PMP–TFSI IL 

electrolyte recorded at various C rates at (c) 55 °C and (d) 25 °C.
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Figure 3. (a) Viscosity and conductivity values of IL/EC:DEC mixed electrolytes with 1 M 

LiTFSI. (b) Charging curve of 1 M LiTFSI/50%-IL LNMO cell. (c) LSV curves of Al 

electrodes recorded in various electrolytes with 1 M LiTFSI. (d) SEM image of Al electrode 

after LSV test in 1 M LiTFSI/50%-IL electrolyte.
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Figure 4. LSV curves of Al electrodes recorded in various electrolytes with (a) 2 M and (b) 3 

M LiTFSI. SEM images of Al electrodes after LSV tests in (c) 2 M LiTFSI/50%-IL and (d) 3 

M LiTFSI/25%-IL electrolytes.
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Figure 5. Raman spectra of 50%-IL electrolytes with various concentrations of LiTFSI.
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Figure 6. Charge-discharge curves of cells with (a) 2 M LiTFSI/75%-IL, (b) 3 M LiTFSI/25%-

IL, and (c) 3 M LiTFSI/50%-IL electrolytes recorded at 25 °C. (d) EIS and (e) cyclic stability 

data of LNMO cells with various electrolytes. 
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Figure 7. (a) Flammability and (b) wettability toward a polyethylene separator of 3 M 

LiTFSI/25%-IL electrolyte. (c) Charge-discharge curves of LNMO cell with 3 M LiTFSI/25%-

IL recorded at 55 °C after being stored at the same temperature for one week. (d) Charge-

discharge performance of graphite electrode in 3 M LiTFSI/25%-IL electrolyte.
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TOC

The 5-V electrolyte shows great compatibility with LiNi0.5Mn1.5O4 and graphite electrodes, 

high thermal stability, and good wettability toward commercial separators.
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