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Since the use of high-energy-density batteries continues to expand in large-scale 

applications, guaranteeing their safety is attracting increasing attention from the public sector 

and scientific communities. Considerable research efforts have been dedicated to identifying 

safer alternatives to the traditional electrolytes based on cyclic carbonate solvents, which 

represent the most flammable battery components. Nevertheless, developing functional 

electrolytes that may provide high safety and an uncompromised electrochemical performance 

remains challenging. In this study, a multifunctional non-flammable solvent with improved 

storage stability, viz. 2-(N,N-dimethylamino)-1,3,2-dioxaphospholane 2-oxide (DMAP), is 

synthesized. The DMAP-based electrolytes enable the formation of a stable passivation film 

with high electrochemical/thermal stabilities and the suppression of exothermic reactions, 

resulting in the high reversibility of graphite anodes along with improved battery safety. 

Strategic optimization of the molecular structures of cyclic phosphoramidates should be a 

promising approach towards preparing highly safe batteries with high energy densities. 
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Li-ion batteries are widely utilized as energy storage devices in portable electronics and 

electric vehicles due to their high energy densities.1–3 However, the increasing demand for 

large-scale batteries raises significant safety concerns.4,5 Exothermic reactions induced by the 

thermal/chemical instabilities of the electrolyte solvent and the reduction products of the 

electrolyte (i.e., the solid electrolyte interphase (SEI)), in particular, are major factors 

contributing to fires and explosions.6–9 

 

The redox potential of the graphite anode (0.1 V vs. Li/Li+) in a Li-ion battery is located 

outside the thermodynamic potential windows of most electrolytes (typically 0.6–

4.3 V vs. Li/Li+), resulting in continuous electrolyte reduction at the graphite surface.10,11 To 

address this problem, the cyclic carbonate solvent ethylene carbonate (EC) has been introduced 

as an electrolyte solvent.10,11 EC aids in forming a stable SEI, which kinetically hinders 

electrolyte decomposition on the surface of the graphite anode by preventing direct contact 

between the electrolyte and electrode. However, the EC-derived SEI generally reacts easily 

with strongly Lewis-acidic PF5 and Brønsted-acidic HF, which are generated via the thermal 

and/or chemical decomposition of the electrolyte salt LiPF6.
7–9,12,13 This exothermic reaction at 

≤150 °C is an early-stage initiator of sequential heat generation and thermal runaway in 

batteries.7,9,13 By using an alternative salt, such as LiFSI (LiN(SO2F)2), the heat generation from 

SEI decomposition could be mitigated. However, direct exothermic reactions between a 

lithiated graphite anode and LiFSI salt at ≥150°C are known to be substantially significant than 

those with LiPF6 salt.14 Additionally, the high flammability of EC further exacerbates the 

vulnerabilities of batteries to ignition and explosion.6 

 

Over the past decades, significant research effort has been dedicated to exploring electrolyte 

solvents that ensure high safety without compromising the electrochemical performances of 

batteries, e.g., linear P-based solvents, such as trimethyl phosphite and trimethyl phosphate, 
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were studied due to their non-flammability and exceptional capacities to scavenge radicals, 

Lewis acids, and HF, thereby mitigating the exothermic reactions of batteries.15,16 However, 

most linear P-based solvents may not form a stable SEI on the graphite anode, inevitably leading 

to a poor cycling performance, with severe exfoliation of the graphene layers.17–20 As another 

alternative, fluorinated solvents, such as fluorinated acetates and ethers, were developed.21,22 

These fluorinated solvents exhibit promising electrochemical properties, such as the ability to 

form a functional SEI, a high oxidation tolerance, and non-flammability. However, significant 

drawbacks, including high volatilities, limited scavenging capacities, and complex, toxic 

synthesis processes, hinder their practical utilization in commercial battery applications. 

 

Recently, a cyclic phosphoramidate-based solvent, viz. 2-(2,2,2-trifluoroethoxy)-1,3,2-

dioxaphospholane 2-oxide (TFEP), was synthesized to combine the chemical structures of a 

cyclic carbonate, with an SEI-forming capacity, and a non-flammable-phosphate group.23 The 

TFEP-based electrolyte displays high stability towards the graphite anode and provides a high 

level of safety for batteries. However, its utilization has only been evaluated with a high-cost 

imide salt. Additionally, most cyclic phosphates are susceptible to ring-opening 

oligomerization due to nucleophilic attack at the P atom by residual H2O in the electrolyte, thus 

requiring a highly moisture-controlled environment for storage.24,25 

 

Herein, we report a strategically designed cyclic phosphoroamidate solvent, 2-(N,N-

dimethylamino)-1,3,2-dioxaphospholane-2-oxide (DMAP), wherein an amino group with a low 

electronegativity is introduced adjacent to the P atom to mitigate the moisture sensitivity. 

DMAP-based electrolytes were investigated using different types of Li salts (LiFSI or LiPF6) 

and linear carbonates (2,2,2-trifluoroethyl methyl carbonate (FEMC) or dimethyl carbonate 

(DMC)). The details of the design rationale of the solvent, its electrochemical compatibilities 
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with graphite anodes and LiFePO4 cathodes, and the contributions of the DMAP-based 

electrolytes to battery thermal safety are demonstrated in the following sections.  
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Figure 1. Design rationale of the cyclic phosphoramidate-based solvent DMAP. The five-

membered cyclic phosphoramidate solvent DMAP was synthesized to harness the advantages 

of cyclic carbonates (SEI formation) and P-based solvents (non-flammability and radicals-/high 

Lewis acid-/HF-scavenging capacities). To mitigate the moisture sensitivity of the solvent, one 

O atom in the cyclic phosphate was substituted with a N atom of lower electronegativity, thus 

suppressing nucleophilic attack at the P atom caused by H2O contamination of the electrolyte.  

 

DMAP, which is a five-membered ring cyclic phosphoramidate with an N, N-dimethyl 

amino moiety, was synthesized as a multifunctional solvent (Figures 1 and S1). By combining 

the molecular structures of traditional cyclic carbonates (e.g., EC) and linear P-based solvents 

(e.g., triethyl phosphate), unique functionalities, such as stable SEI formation and non-

flammability (Figure S2), are realized.23 Additionally, the high capacities for scavenging 

radicals, Lewis acids, and HF, which are due to the lone-pair-rich P and O atoms and Lewis-

base P–N bond in the molecule, improve battery safety, with suppressed exothermic reactions 

at the anode.16,26  

 

The N atom exhibits lower electronegativity than an O atom. Thus, the substitution of an O 

atom with a N atom mitigates the ring-opening reaction (oligomerization) by reducing the 

nucleophilic attack at the P atom caused by H2O contamination of the electrolyte, as confirmed 

using 31P-NMR spectroscopy (Figure S3). The peak representing the cyclic phosphoramidate 

Ethylene carbonate (EC)

◯ Good passivation ability

× Flammable

Triethyl phosphate (TEP)

◯ Non-flammable

× Poor passivation ability

DMAP

◯ Non-flammable

◯ Good passivation ability

◯ Less sensitive to moisture

Cyclic phosphate

◯ Good passivation ability

◯ Non-flammable

× Highly sensitive to moisture



  

7 

 

is exclusively observed, even after storage for one week with 10000 ppm of H2O, confirming 

the high moisture stability of DMAP.  

 

The passivating ability and safety contribution of DMAP were evaluated using model 

electrolytes, either with DMAP as a co-solvent (1 mol L–1 (M) LiFSI or LiPF6/DMAP:linear 

carbonates (FEMC or DMC)), or as an electrolyte additive in the commercial electrolyte (1 M 

LiPF6/EC:DMC + 1 wt% DMAP). The linear carbonates were mixed with DMAP to reduce the 

electrolyte viscosity. 

 

The use of highly safe P-based solvents as battery electrolytes has been limited due to their 

poor SEI-forming capacities, leading to the exfoliation of graphite anodes and continuous 

electrolyte reduction.17–20 Due to the cyclic structure similar to that of EC10,11, the SEI 

comprising decomposition products of DMAP enables the high reversibility of graphite anodes, 

as shown in Figure 2. For instance, the graphite|Li coin half-cells containing electrolytes 

without DMAP, 1 M LiFSI/FEMC and 1 M LiPF6/FEMC, exhibit severe electrolyte 

decomposition with large irreversible capacities during charging (lithiation) (23% and 31% of 

the initial Coulombic efficiency, respectively), suggesting the absence of stable SEIs on the 

graphite surfaces (Figures 2a and 2b). 

 

Conversely, largely improved initial Coulombic efficiencies (80% and 75%, respectively) 

and negligible capacity decay is observed in the DMAP-based electrolytes, 1 M 

LiFSI/DMAP:FEMC and 1 M LiPF6/DMAP:FEMC, with high average Coulombic efficiencies 

of 99.99% (from the 10th to the 300th cycle) over 300 cycles at a slow current of 0.5C (Figures 

2c–2e, and S4-S7). Therefore, the graphite surfaces are completely protected by the stable 

DMAP-derived SEIs, minimizing the reductive decomposition of the electrolytes.  
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To better understand the favorable effect of DMAP on SEI formation, X-ray photoelectron 

spectroscopy (XPS) of the graphite anodes was performed before and after cycling in the 

DMAP-based electrolytes (Figures 3a, S7, and S8). The intensities of the peaks representing 

the C–C bonds of graphite in the spectra of the cycled electrodes are drastically reduced, 

indicating that the graphite surfaces are covered by electrolyte-derived components. 

Furthermore, the detection of Li–P–O, Li–O, and Li–N in the Li 1s, P 2p, N 1s, and O 1s spectra 

confirms the formation of Li+-conducting functional SEIs27,28, which is attributed to the 

reduction of DMAP (i.e., DMAP + Li+ + e– → Li2O + LiPOx + Li3N + polyphosphate + etc., 

Figures 3, S7, and S8). This is consistent with our previous study23, in that the reduction of the 

cyclic phosphate contributes to the formation of a functional SEI on the anode. The transmission 

electron microscopy (TEM) observation and energy dispersive X-ray spectroscopy (EDS) 

analysis also proved the presence of a few nanometer-scale thin DMAP-derived SEI layer on 

the graphite anode (Figures S9 and S10). Notably, SEI formation involves the simultaneous 

reduction of the Li salt, which provides functional SEI species, such as LiF (Figures S7 and 

S8). However, salt-derived SEI components are not critical for the high reversibility of the 

graphite electrode, because DMAP-based electrolytes offer high cycle stabilities, regardless of 

the type of Li salts (LiFSI or LiPF6), as shown in Figure 2. Therefore, the reduction of DMAP 

is crucial in the formation of the stable SEI, rather than that of the Li salt. 
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Figure 2. Highly reversible graphite anodes in DMAP-based electrolytes. The charge 

(lithiation)/discharge (delithiation) curves of graphite|Li coin half-cells in (a) 1 M LiFSI/FEMC, 

(b) 1 M LiPF6/FEMC, (c) 1 M LiFSI/DMAP:FEMC, and (d) 1 M LiPF6/DMAP:FEMC 

electrolytes. (e) Long-term cycling stabilities and (f) Coulombic efficiencies of cells containing 

the given electrolytes. The introduction of DMAP ensures the high reversibility of the graphite 

anodes. The results obtained with a different molar ratio of DMAP and FEMC are shown in 

Figure S4. 
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Figure 3. DMAP-derived SEI. (a) C 1s, Li 1s, P 2p, and N 1s XPS spectra of the pristine 

graphite electrode and those cycled in the given electrolytes. Peaks representing the Li–P–O, 

Li–O, and Li–N bonds are observed in the Li 1s, P 2p, and N 1s spectra of the samples cycled 

in the DMAP-based electrolytes, indicating the formation of DMAP-derived Li+-conducting 

functional SEIs.26–28 (b) Schematic of the DMAP-derived SEI formed on the graphite surface, 

which aids in suppressing electrolyte decomposition.  

 

After confirming that the DMAP-derived SEI effectively prevents the reductive 

decomposition of the electrolyte, we also evaluated its contribution to battery safety via 

differential scanning calorimetry (DSC). Figure 4 shows the DSC thermograms of fully 

lithiated graphite in the given electrolytes, measured in a tightly sealed container under Ar. A 

distinct decrease in heat generation associated with SEI thermal decomposition (≤150 °C) and 

direct lithiated graphite (CxLi, x≥6)/electrolyte reactions (≥150 °C) are observed upon cycling 

in the DMAP-based electrolytes.9,12,13 Notably, the pure FEMC electrolyte was excluded from 

this study because it displays a poor SEI-forming capacity, and thus, fully lithiated graphite did 

not form (Figures 2a and 2b). 
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Figure 4. Enhanced thermal stabilities of the anodes in DMAP-based electrolytes. DSC 

thermograms and overall heat generation of fully lithiated graphite in the given electrolytes. A 

tightly sealed container with an Ar atmosphere, 25 mg of fully lithiated graphite powder, and 

15 mg of electrolyte was heated to 200 °C at 0.5 °C min–1. The unique properties of DMAP and 

the DMAP-derived SEI, such as high radicals-, Lewis acid-, and HF-scavenging capacities, 

contribute to improving the thermal stabilities of the anodes.  

 

The effects of the salt and solvent on the thermal stability of a battery have been extensively 

investigated9,12,13, e.g., LiPF6 is chemically/thermally unstable, and it decomposes easily into 

strongly Lewis-acidic PF5 and Brønsted-acidic HF, which further attack EC-derived organic 

compounds, such as alkyl carbonates, in the SEI.7,9,13 On the other hand, LiFSI reacts directly 

with lithiated graphite (CxLi, x≥6) at ≥150 °C, producing considerable heat.14 These SEI 

thermal decompositions and reactions between the electrolyte (salt) and lithiated graphite 

increase overall heat generation and initiate thermal runaway.7,9,13 Against these severe 

exothermic reaction, DMAP exhibits high scavenging capacities for radicals, Lewis acids, and 

HF, which are attributed to the presence of lone-pair-rich P and O atoms and the highly Lewis 

basic P–N bond in its molecular structure.16,26 Furthermore, DMAP-derived SEI components, 

such as LiPOx and polyphosphate (Figures 3 and S7-S10), display high thermal and chemical 
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stabilities29–32 and effectively scavenge Lewis acids16, thus contributing further to the mitigation 

of the exothermic reactions. DMAP improves the reduction and thermal stabilities of anodes, 

regardless of the type of Li salts (LiFSI or LiPF6) and co-solvents (FEMC or DMC) used, via 

its inherently high radicals-/Lewis acid-/HF-scavenging capacities and by forming an 

electrochemically/chemically/thermally stable SEI on the graphite surface (Figures S11 and 

S12). All the unique properties of DMAP are evident, regardless of whether it is used as an 

electrolyte co-solvent or additive (Figures 2-4 and S11-S15). 

 

In this study, an O group was substituted with an amino functional group in the cyclic 

phosphate to reduce the excessive moisture sensitivity of the solvent (Figures 1 and S3). 

However, N is less electronegative than O, which could increase the level of the highest 

occupied molecular orbital (HOMO), thus decreasing the thermodynamic oxidation stability of 

the electrolyte.33–35 To evaluate the anodic limits of the electrolytes, linear sweep voltammetry 

(LSV) was performed using a Pt|Li|Li three-electrode cell. The anodic current begins to flow at 

≤4.0 V vs. Li/Li+ in DMAP-based electrolytes, which is slightly lower than that observed in 

electrolytes without DMAP (4.3 V vs. Li/Li+, Figure S16). The oxidation stability of DMAP-

based electrolytes is not sufficient for layered oxide cathodes such as LiCoO2 and 

LiNixCoyMnzO2. However, it is suitable for the LiFePO4 cathode, which is widely used in 

electric vehicle batteries due to the reasonable redox potential of the abundant Fe2+/Fe3+ redox 

couple (≤3.7 V vs. Li/Li+), high theoretical capacity (170 mAh g–1), and thermal stability (slow 

O2 release at ≥700 °C).36,37 As shown in Figures 5 and S17-S19, the use of DMAP as an 

electrolyte co-solvent or additive results in the highly stable operation of the LiFePO4 electrode. 

For instance, the DMAP-based electrolytes, retain >93% of the discharge capacities of 

LiFePO4|Li coin half-cells after 300 cycles at a slow current of 0.1C (equivalent to 8 months of 

evaluation). 
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Figure 5. Electrochemical performances of LiFePO4 cathodes in DMAP-based electrolytes.  

 (a–b) Charge (delithiation)/discharge (lithiation) curves and (c) long-term (> 8 months) cycling 

stabilities of LiFePO4|Li coin half-cells in 1 M LiFSI/DMAP:FEMC and 1 M 

LiPF6/DMAP:FEMC electrolytes at a slow 0.1 C-rate. The increase in capacity during the initial 

cycles may be attributed to the activation of the cell via complex interactions between the 

cathode, anode, binder, and electrolyte.38,39  

 

Moreover, DMAP helps to retard oxidative dissolution of the Al cathode current collector. 

Figure S20 illustrates the results of the Al|Li floating test with various electrolytes. In 1 M 

LiFSI/FEMC:DMAP (1:5, n:n), the leakage current commenced at around 5.4 V, which is 

substantially higher than in 1 M LiFSI/FEMC (4.6 V). The XPS results of the Al surface before 

and after the floating test demonstrate that the peak intensity of P elements (Li-P-O and 

polyphosphate) increases between 4.5 and 5.0 V, while the peaks attributed to Al and Al2O3 are 

greatly reduced. This indicates that Al passivation is electrochemically induced by the 

sacrificial oxidation of the DMAP solvent. 
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However, the lab-synthesized DMAP contains a high level of H2O contamination (78 ppm), 

which is one order of magnitude higher than that of the commercial 1 M LiPF6/EC:DMC (1:1, 

v:v) electrolyte (≤8 ppm). The H2O contamination may accelerate the hydrolysis/decomposition 

of the Li salt and solvent at the cathode surface40 and the dissolution of transition metals in the 

cathode material40,41, which may lead to a poor Coulombic efficiency (Figure S18). Also, there 

is a possibility that the lab-synthesized DMAP solvent may contain a small amount of impurities, 

which cannot be detected by NMR, yet could lead to side reactions with cell components such 

as electrodes, carbons, and coin cell cases. Thus, the LiFePO4|graphite coin full-cells was not 

demonstrated. Overall, LiFePO4 cathodes are highly reversible in DMAP-based electrolytes, 

although further purification and optimization of the electrolyte is required to decrease the side 

reactions.  
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The multifunctional solvent DMAP was synthesized by incorporating an amine moiety into 

a five-membered cyclic phosphate. The distinct molecular structure of DMAP, with an amino 

group, provides three key advantages: (i) significant suppression of reductive electrolyte 

decomposition by forming a stable DMAP-derived SEI, enabling the high reversibility of 

graphite anodes (>97% capacity retention after 300 cycles, with an average Coulombic 

efficiency of 99.99%, at a slow current of 0.5C), (ii) effective scavenging of radicals, Lewis 

acids, and HF, improving battery safety via a drastic reduction in the heat generated by the 

anode, (iii) considerably improved moisture sensitivity, with suppressed ring-opening 

oligomerization, yielding an enhanced storage stability. The DMAP-based electrolytes display 

moderate oxidation stabilities (≤4.0 V vs. Li/Li+) due to their higher HOMO levels, yet these 

stabilities are sufficient to realize the stable cycling of LiFePO4 cathodes. Importantly, all these 

chemical, electrochemical and thermal advantages can be obtained with electrolytes using 

DMAP as both a solvent and an additive, regardless of the type of salts (LiFSI or LiPF6) and 

co-solvents (FEMC or DMC) used. Molecular modification, coupled with the fine-tuning of the 

elements in the molecular structure, may enable the optimization of the physicochemical and 

electrochemical properties, thereby opening up novel possibilities for extremely safe batteries 

with high energy densities.  
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Synthesis of DMAP: Dimethylamine (2.0 mol L–1 in tetrahydrofuran (THF), 32.8 g, 77 mmol, 

Sigma Aldrich, St. Louis, MO, USA) was added to anhydrous THF (80 mL, Fujifilm Wako 

Pure Chemical, Osaka, Japan) in a flask in an ice-water bath. A mixture of 2-chloro-1,3,2-

dioxaphospholane 2-oxide (5 g, 35 mmol, Sigma Aldrich) and anhydrous THF (20 mL) was 

then added slowly to the dimethylamine/THF mixture with stirring, and the resultant mixture 

was stirred overnight. After completion of the reaction, the remaining dimethylamine 

hydrochloride and THF were respectively removed via filtration and rotary evaporation 

(80 mbar at 45 ℃). The obtained product was added to diethyl ether (100 mL, Fujifilm Wako 

Pure Chemical). Finally, the DMAP-containing ether layer was separated from the oil-state by-

products, and the ether was evaporated at 50 °C and a pressure of 40 mbar. As a further 

purification process, the obtained DMAP was vacuum dried at room temperature in a glass tube 

for several days.  

 

Characterization of DMAP: NMR spectroscopy was conducted to verify the formation of the 

target compound. The spectra, which confirmed the successful synthesis of DMAP, were 

recorded at room temperature using 1H-NMR (500 MHz), 13C-NMR (125 MHz), and 31P-NMR 

(202 MHz) spectroscopy. 1H NMR (CDCl3, ppm): δ 4.15–4.24 (OCH2CH2O), 2.8 (6H); 13C 

NMR (CDCl3, ppm): δ 66.5 (OCH2CH2O), 36.5 (CH3). The moisture stability of DMAP was 

evaluated via 31P NMR spectroscopy (calibrated using H3PO4, ppm). The detailed spectra are 

shown in Figures S1 and S3.  

 

Electrolyte preparation: The Li salt (LiFSI, Nippon Shokubai, Tokyo, Japan or LiPF6, Kishida 

Chemical, Osaka, Japan) was mixed with mixtures of solvents (DMAP:FEMC (Halocarbon 

Products, Peachtree Corners, GA, USA), DMAP:DMC (Kishida Chemical, Osaka, Japan)) in 

an Ar-filled glovebox. The commercial electrolyte, 1 M LiPF6/EC:DMC (1:1, v/v), was 

purchased from Kishida Chemical.  
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Electrode preparation: The electrodes used in this study were prepared as follows: a mixture 

of graphite powder (SNO10, SEC Carbon, Amagasaki, Japan) and carboxymethylcellulose 

binder (CMC, Daicel, Osaka, Japan) in a mass ratio of 96:4 was prepared to fabricate the 

graphite electrode. A mixture of LiFePO4 powder (BTR New Material Group, Shenzhen, 

China), acetylene black (Li400, Denka Black, Denka, Tokyo, Japan), and CMC in a mass ratio 

of 86:10:4 was prepared to fabricate the LiFePO4 electrode. Cu (Fchikawa Rare Metal, Tokyo, 

Japan) and Al (Fchikawa Rare Metal, Tokyo, Japan) foils were used as the anode and cathode 

current collectors, respectively. The prepared electrodes were vacuum dried at 120 °C for >3 h 

and then stored in an Ar-filled glovebox prior to use. The loading levels of the graphite and 

LiFePO4 electrodes were approximately 2 mg cm–2.  

 

Electrochemical measurements: All electrochemical measurements were performed at room 

temperature. The coin half-cells were assembled in an Ar-filled glovebox using 2032-type cell 

components (cathode and anode cans, gasket, wave washer, and spacer) purchased from Hohsen, 

Osaka, Japan. A graphite or LiFePO4 electrode was used as the positive electrode, and Li metal 

(Honjo Chemical, Neyagawa, Japan) was used as the negative electrode. An adequate amount 

of electrolyte (80 µL) was applied to fully soak the electrode and glass fiber-type separator 

(GC50, Advantec, Tokyo, Japan). The coin half-cells were cycled with the given electrolytes 

using a TOSCAT-3100 charge/discharge machine (Toyo System, Iwaki, Japan). The 

graphite|Li coin half-cells were charged (lithiated) in a consecutive two-step constant-current 

(0.5C)/constant-potential (0.01 V until 0.05C) process. Discharging (delithiation) was 

performed at a constant current of 0.5C up to 1.5 V. The LiFePO4|Li coin half-cells were cycled 

in the potential range of 3.7–3.0 V at a slow constant current of 0.1C or 0.3C. The C-rate was 

calculated based on the theoretical capacities of the active materials (graphite: 372 mAh g–1 and 
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LiFePO4: 170 mAh g–1). Cyclic voltammetry was conducted with LiFePO4|Li coin half-cells in 

DMAP-based electrolytes at a scanning rate of 0.05 mV s-1. 

 

The interfacial resistance of fully charged graphite anodes was evaluated via electrochemical 

impedance spectroscopy (EIS) with an amplitude of 10 mV over the frequency range 10 mHz–

1 MHz. The  LSV curves of graphite|Li coin half-cells in 1 M LiFSI/DMAP:FEMC electrolytes 

were obtained at a scanning rate of 0.1 mV s–1. The oxidation stabilities of the electrolytes were 

estimated via LSV with a Pt|Li|Li three-electrode cell from the open-circuit potential up to 6 V 

(vs. Li/Li+) at a slow scanning rate of 0.1 mV s–1. The Al|Li floating test was performed with 

Al current collectors as the working electrodes and Li metal as the counter and reference 

electrodes from the open-circuit voltage (OCV; 3.6 V) to 6.0 V. All of above tests (EIS, LSV, 

and floating test) were conducted using VMP3 potentiostat (BioLogic, Seyssinet-Pariset, 

France). 

 

Characterizations: The viscosity of the prepared electrolytes was measured using an EMS-

1000S viscometer (Kyoto Electronics Manufacturing, Kyoto, Japan). The ionic conductivity 

was determined by measuring the alternating current impedance spectrum using a 

Pt|electrolyte|Pt cell over the frequency range from 100 mHz to 10 kHz. The density of DMAP 

solvent was measured at 60 C by an Anton Paar density meter (Anton Paar GmbH, Austria). 

The basic physicochemical properties of the DMAP solvent and DMAP-based electrolytes are 

summarized in Table S1. 

 

TEM observation and EDS analysis were conducted using JEM-ARM200F (JEOL, Japan) and 

JED-2300 (EX-24280M1G5T, JEOL, Japan). A cross-section of electrode samples was 

prepared with a focused ion beam (SMF2000, Hitachi High-tech, Japan) and transferred into 

the TEM chamber without air exposure. 
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The water contents of the solvent and electrolyte were estimated using a Karl Fischer 

coulometric titrator (CA-21, Mitsubishi Chemical Analytech, Yamato, Japan). 

 

DSC was performed using a C-600 (Setaram, Cranbury, NJ, USA) to evaluate the exothermic 

behaviors of fully lithiated graphite in various electrolytes. Graphite|Li coin half-cells, which 

were fabricated with the given electrolytes, were cycled once in the potential range of 0.01–

1.5 V and charged again in a consecutive two-step constant-current (0.5C)/constant-potential 

(0.01 V until 0.05C) process. After disassembling the cell, the electrode was washed several 

times with DMC in an Ar-filled glovebox. The fully lithiated graphite powder collected from 

the electrode (25 mg) and fresh electrolyte (15 mg) were placed in a specially designed pressure-

resistant container and tightly sealed with a 25 Nm torque wrench. The container was stabilized 

at 50 °C for 2 h and then heated to 300 °C at 0.5 °C min–1. An empty container was used as a 

reference, and the instrumental baseline was corrected by subtracting the blank curve from the 

raw data. 
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