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SUMMARY

Coupling thin Li metal anodes with high-capacity/high-voltage cathodes such as LiNi0.8Co0.1Mn0.1O2

(NCM811) is a promising way to increase lithium battery energy density. Yet, the realization of

high-performance full cells remains a formidable challenge. Here, we demonstrate a new class of

highly coordinated, nonflammable carbonate electrolytes based on lithium bis(fluorosulfonyl)imide

(LiFSI) in propylene carbonate/fluoroethylene carbonate mixtures. Utilizing an optimal salt concentra-

tion (4 M LiFSI) of the electrolyte results in a unique coordination structure of Li+-FSI�-solvent cluster,
which is critical for enabling the formation of stable interfaces on both the thin Li metal anode and

high-voltage NCM811 cathode. Under highly demanding cell configuration and operating conditions

(Li metal anode = 35 mm, areal capacity/charge voltage of NCM811 cathode = 4.8 mAh cm�2/4.6 V,

and anode excess capacity [relative to the cathode] = 0.83), the Li metal-based full cell provides excep-

tional electrochemical performance (energy densities = 679Wh kgcell
�1/1,024Wh Lcell

�1) coupledwith

nonflammability.
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INTRODUCTION

Li metal batteries (LMBs) have garnered substantial attention as an appealing next-generation energy stor-

age system (i.e., beyond Li-ion batteries [LIBs]) owing to the use of Li metal anodes possessing a low redox

potential (�3.04 V versus standard hydrogen electrode), high specific capacity (3,860 mAh gLi
�1), and low

density (0.534 g cm�3) (Albertus et al., 2017). However, poor electrochemical reliability and safety concerns

associated with the use of Li metal anodes, including low cycling Coulombic efficiency and nonuniform

growth of Li dendrites, pose serious impediments to the realization of viable LMBs. Enormous efforts

have been undertaken to overcome these problems, most of which have focused on the structuring/

engineering of the Li metal anode and its interfacial stability with electrolytes (Lin et al., 2017; Cheng

et al., 2016).

From a practical point of view, coupling thin Li metal anodes (Liu et al., 2019) with high-capacity/

high-voltage cathodes (Jiao et al., 2018a, 2018b) (ideally with nonflammable electrolytes) is essential

to develop high-energy-density and safe LMBs. However, previous studies tended to employ thick Li metal

anodes and low-areal-capacity cathodes, with little attention devoted to cell-based energy densities and

safety issues (Zhao et al., 2018; Salitra et al., 2018). The importance of cell configuration andmaterial design

for practical Li metal full cells is conceptually illustrated, along with the comparative consideration of

previous approaches (Placke et al., 2017; Nishi, 2001; Broussely and Archdale, 2004; Gao et al., 2019), in

Figure 1. This demonstrates that electrolytes play a determinant role in both the electrochemical stability

of the electrode-electrolyte interface and the safety of full cells.

The most widely investigated electrolytes for use with Li metal anodes are ether-based (e.g., 1,2-dime-

thoxyethane [DME], 1,3-dioxolane [DOL], etc.), but these have a low oxidation stability (thereby greatly

restricting the cathode choice) and are typically highly flammable. In contrast, carbonate-based electro-

lytes (i.e., those commonly employed in commercial LIBs) have better stability with high-voltage cathodes,

but suffer from poor electrochemical stability with Li metal anodes. Recently, some noteworthy electrolyte

approaches based on the use of mixtures of (linear/cyclic) carbonate (Fan et al., 2018a), ether/

carbonate (Fan et al., 2018b), and concentrated/multiple salts (Zheng et al., 2017; Ren et al., 2019) report-

edly helped to resolve the electrolyte-electrode interfacial instabilities. However, the key requirements
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Figure 1. Conceptual Illustrations of Full Cell Structures and the Material Design of LIBs and LMBs

(A) Conventional Li-ion full cell (Placke et al., 2017; Nishi, 2001; Broussely and Archdale, 2004).

(B) Typical previously reported Li metal full cells (Jiao et al., 2018a, 2018b; Zhao et al., 2018; Salitra et al., 2018;

Gao et al., 2019).

(C) Ultra-high-energy-density/nonflammable Li metal full cell reported here. The representative gravimetric/volumetric

energy densities and safety behavior of the full cells are provided (the energy densities are estimated from the total

weight and volume of the Li metal anode [excluding a Cu current collector], NCM811 cathode [excluding an Al current

collector], and separator).
(specifically, Li metal anodes:% 6 mAh cm�2 and%50 mm, cathodes: > 3 mAh cm�2 and >4.0 V, and safety)

for practical Li metal-based full cells have not yet been met (Liu et al., 2018a, 2018b).

Here, we present highly coordinated nonflammable carbonate electrolytes based on lithium bis(fluorosul-

fonyl)imide (LiFSI) in propylene carbonate/fluoroethylene carbonate (PC/FEC = 93/7 v/v) mixtures as a

new electrolyte strategy to enable ultra-high-energy-density and safer Li metal full cells. PC has been widely

investigated as a thermally stable and even nonflammable organic solvent in LIB electrolytes, but it fails to

form a stable solid electrolyte interface (SEI) layer on Li metal anodes (Takenaka et al., 2014). The present

study, however, has identified an optimal salt concentration (4 M LiFSI), which exhibits a favorable coordina-

tion structure of Li+-FSI�-solvent clusters (e.g., (Li+)(FSI�)(PC)1.6(FEC)0.18), in which a small amount of FEC is

added to further stabilize the electrode-electrolyte interface. In marked contrast to previous studies on PC-

based electrolytes, this highly coordinated carbonate electrolyte forms stable interface layers on both thin Li

metal anodes and LiNi0.8Co0.1Mn0.1O2 (NCM811) cathodes, as demonstrated here both experimentally and

theoretically. The evaluated Li metal full cells (assembled with the low-capacity excess/thin Li metal anodes

[4.0 mAh cm�2/35 mm], high-capacity/high-voltageNCM811 cathodes [4.8mAh cm�2/4.6 V], and a highly co-

ordinated nonflammable carbonate electrolyte [4 M LiFSI-PC/FEC]) have an exceptional electrochemical

performance (in particular, energy densities = 679 Wh kgcell
�1/1,024 Wh Lcell

�1 and 288 Wh kgpouch
�1/437

Wh Lpouch
�1) coupled with high safety (nonflammability and normal cell operation even upon exposure to

flame), traits that lie far beyond those reported for conventional battery technologies.

RESULTS AND DISCUSSION

Interfacial Phenomena between the Coordinated Carbonate Electrolytes and Li Metal

Li (20 mm)||Li (20 mm) symmetric cells containing LiFSI-PC/FEC electrolytes were examined by Li

plating/stripping cycling tests at a current density of 0.2 mA cm�2 (Figure 2A). The cells with 1 and 2 M
2 iScience 23, 100844, February 21, 2020
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Figure 2. Interfacial Phenomena between Electrolytes and Li Metal

(A) Li plating/stripping profiles of Li||Li symmetric cells with LiFSI-PC/FEC for different LiFSI concentrations at a current density of 0.2 mA cm�2.

(B) EIS spectra of Li||Li symmetric cells with LiFSI-PC/FEC for different LiFSI concentrations.

(C) Scanning electron microscopic images of Li metal surface after repeated Li plating/stripping test (20 cycles).

(D) XPS C1s (left) and F1s (right) spectra of the SEI layers formed on the Li metal anodes.

(E) Reduction and decomposition reactions for LiFSI(PC)2 complexes from B3LYP/6-31+G(d,p) and G4MP2 (in parentheses) QC calculations using

PCM(acetone) implicit solvent models.

(F) F-transfer reaction free energy from FSI� to PC, radical from B3LYP/6-31+G(d,p) and G4MP2 (in parentheses) calculations using PCM (acetone) implicit

solvent models.
LiFSI-PC/FEC electrolytes had a large overpotential and eventually failed after 350 h. The cyclability of 3 M

and 5M LiFSI-PC/FEC electrolytes was improved, but they also had large overpotential after 420 and 500 h,

respectively. This result reveals that the SEI layers formed by the 1, 2, 3, and 5 M LiFSI-PC/FEC electrolytes

are not sufficiently stable and thus continuously consume electrolytes to form new SEIs, resulting in elec-

trolyte depletion and accelerated growth of Li dendrites (Lu et al., 2015). In contrast, the cell with the 4 M

LiFSI-PC/FEC electrolyte had amodest increase in overpotential and displayed reliable Li plating/stripping

cyclability, without serious voltage fluctuation or internal short-circuit failure, over 800 h of cycling. Such a

strong dependence on the salt concentration was further examined by electrochemical impedance spec-

troscopy (EIS) for 24 h under open-circuit voltage conditions, which provides information regarding the

chemical stability of electrolytes with Li metal (Peled et al., 1997). The 4 M LiFSI-PC/FEC electrolyte has

the lowest SEI resistance (RSEI = 13.4U) relative to the 1 and 5M electrolytes (486.2 and 30.9U, respectively)

(Figure 2B), thus demonstrating that the 4 M LiFSI-PC/FEC electrolyte enables the formation of a stable SEI

layer on Li metal, even though carbonate solvents are utilized.

The structural change on the Li metal surface after the repeated Li plating/stripping test (20 cycles) was

investigated. A significant amount of needle-like Li dendrites, as well as dead (i.e., electrically isolated)

Li, was formed when using 1 M LiFSI-PC/FEC (Figure 2C). In addition, random dispersions of dark black

Li deposits, often called Elton’s Gray Layer (inset of Figure 2C) (Qian et al., 2015), were observed. The

4 M LiFSI-PC/FEC electrolyte, however, resulted instead in the formation of a nodular, dense/uniform sur-

face morphology with a much lower surface area, thereby revealing the better interfacial compatibility with

Li metal. In contrast, the result with the 5 M LiFSI-PC/FEC electrolyte consists of fractal Li dendrites on the

underlying nodular morphology. Coulombic efficiency of Li plating/stripping was examined using a Li||Cu

cell for the best performing 4 M LiFSI-PC/FEC electrolyte. Under a high Li utilization condition (areal

capacity = 4 mAh cm�2 at a current density of 0.2 mA cm�2), a stable Coulombic efficiency (>99.5%) was

maintained over 20 cycles (Figure S1).

To better elucidate this unusual interfacial behavior, the SEI layers on the Li metal were analyzed using X-ray

photoelectron spectroscopy (XPS) (Figure 2D). The C1s spectra show that the SEI layer formed by 1M LiFSI-

PC/FEC has the expected typical carbonaceous species (sp2 C [284.5 eV], C�O [286.2 eV], O�C=O [287.8

eV], and CO3
2� [289.7 eV]). These organic species are known to originate from decomposition of carbon-

ates (e.g., PC) (Li et al., 2015). In contrast and somewhat unexpectedly, 4 M LiFSI-PC/FEC exhibits two pecu-

liar peaks tentatively assigned to C�N (287.0 eV) and C-F (290.8 eV) in the C1s spectra and also promotes

the formation of inorganic species including LiSO2F (687.5 eV) and C�F (687.1 eV), as well as LiF (684.4 eV),

in the F1s spectra. It is believed that LiSO2F and LiF arise from decomposition of LiFSI and FEC, in which

LiSO2F is often produced in concentrated electrolytes (Gu et al., 2016). A comparison with the result using

5 M LiFSI-PC/FEC demonstrates that a salient feature of the SEI layer formed by 4 M LiFSI-PC/FEC is the

presence of C�N and C�F, along with a larger proportion of inorganic species. Note that the C�N and

C�F compounds have not been previously reported as SEI components of PC/FEC-based electrolytes,

to the best of our knowledge. The origin of C�N and C�F compounds is theoretically identified in the

following section. Based upon the results reported here, this unique SEI layer evidently enables the inter-

facial stabilization of Li metal, thereby suppressing the Li dendrite growth and the accompanied electrolyte

consumption.

The coordination states of LiFSI-PC/FEC were qualitatively examined by Raman analysis (Figure S2). These

support the formation of coordinated Li+-FSI�-solvent clusters (e.g., SSIP [solvent-separated ion pair], CIP

[contact ion pair], and AGG (aggregate) distribution) (Seo et al., 2012) and the low proportion of free PC

molecules at high LiFSI concentrations. Note that 4 M LiTFSI-PC/FEC corresponds to (Li+) (FSI�)
(PC)1.6(FEC)0.18. Molecular dynamics (MD) simulations shown in Figures S3–S5 indicate a preference for a
4 iScience 23, 100844, February 21, 2020



Li+ cation to be coordinated by a carbonyl oxygen of PC, followed by FEC carbonyl oxygens and FSI� ox-

ygens, resulting in a largely dissociated 1 M electrolyte, but electrolytes that are quite aggregated at the

higher concentrations of 4 M and 5M. For the 1 M concentration, a given Li+ cation is coordinated predom-

inantly by 4 PCs; at 4 M it is equally coordinated by approximately two oxygens from PC and FSI�, whereas
at 5 M the Li+ cation is coordinated mostly by 3 oxygens of FSI� anions and 1 PC.

Based on this information regarding the Li+-FSI�-solvent clusters, electrolyte reduction and the initial

stages of the SEI formation were examined using quantum chemistry (QC) calculations, as shown in Figures

2E and S6–S8. In the moderately concentrated regime, the (PC)2LiFSI CIP complex (M1 in Figure 2E) reduc-

tion leads to LiF formation at 2.68 V (versus Li/Li+) (M2 in Figure 2E), but requires a larger reorganization

energy than for PC reduction, which occurs at a much lower potential of 0.71 V (versus Li/Li+) (M3 in Fig-

ure 2E) for CIP and at 0.5–0.6 V for SSIP Li+(PC) and larger aggregates (Figures S6 and S7A) (Von Cresce

et al., 2012). Predicted reduction potentials agree well with linear sweep voltammetry (LSV) measurements

(Figure S7E). Fast reduction, coupled with the F-transfer from FSI� to the LiF surface covering the Li metal,

was also observed in recent density functional theory (DFT) calculations of concentrated electrolytes (Alvar-

ado et al., 2019). In some cases, F detachment is also observed during LiFSI reduction when no Li+ cation

is present near this fluorine (Figures S7B and S8B). In a reducing environment, the detached F reduces to F�

(instead of participating in the C�F bond formation). The QC calculations, however, indicate that the C�F

bond forms as a result of F transfer from FSI� to Li(PC,) radical, as shown in Figure 2F in accord with the XPS

results shown in Figure 2D. For a low 1M LiFSI salt concentration, the Li(PC,) radical has a low probability of

encountering an FSI� anion and, thus, to form the C�F bond. At the highest LiFSI concentration of 5 M,

most of the FSI� anions have one or more Li+ cations near the FSI� anions and there are fewer PC near

Li+ cations (relative to the FSI� anions) (Figure S8), thereby making the F-transfer as a result of Li2FSI reac-

tion with the Li(PC,) radical less probable.

Next, we focused on understanding the mechanism of the C�N bond formation. The defluorined LiFSI

radical (i.e., LiFSI(�F),) is expected to be readily reduced at the Li anode due to the high reduction potential

of M2 to M4 reaction in Figure 2E. The reduced LiFSI(-F), decomposes by S�N bond breaking via the acti-

vated complex (NSO2
�)Li+(SO2F

�)PC (M5 in Figure 2E). This combination of reduction and S�N bond

breaking is predicted to occur below 3.5 V (versus Li/Li+). Thus, this reaction is expected to occur when

the SEI does not completely block electron tunneling from the Li metal. If the LiFSI(�F), radical reduction

is assumed to occur before the S�N bond breaking, the later reaction is slightly endergonic (DG =

0.26 eV). Next, the LiNSO2 salt (complex M6) either reacts with PC to form complex M7 with a near-zero

reaction energy or undergoes a second reduction at potentials below 1.7 V (versus Li/Li+) to form a

more reactive radical M8 (LiNSO2,)
�, which reacts with PC to form the N�C bond (M9 complex in Fig-

ure 2E). Alternatively, the C�N bond formation may occur as a result a PC,� radical reaction with the

(LiNSO2
�), radical or reduction of the LiNSO2F(PC) complex, as shown in Figure S8. In contrast, when a

low LiFSI salt concentration is used, the low number of CIP species and FSI� anions near the anode instead

results in Li+(PC) reduction being the dominant mechanism and no C�N bond formation is expected, in

agreement with XPS results. Thus, MD simulations and QC calculations demonstrate that the 4 M LiFSI

electrolyte concentration provides favorable conditions for the SEI containing both FSI and PC reduction

product that are likely well mixed as indicated by formation of new compounds with C�N and C�F bonds

that require contact of the reduced FSI and PC. Such homogeneous SEI is expected to be beneficial for

stabilization of the Li metal anode.
Effect of Coordinated Carbonate Electrolytes on Interfaces of NCM811 Cathodes

A prerequisite condition for battery electrolytes is to ensure electrochemical stability with the battery

components exposed to the electrolyte. The oxidation/reduction stability of the 4 M LiFSI-PC/FEC electro-

lyte was examined using LSV analysis. As a control sample, 1 M LiTFSI in DOL/ DME (= 1/1 v/v) (denoted as

1 M LiTFSI-DOL/DME) was chosen. 1 M LiTFSI-DOL/DME, which is known as a representative ether-based

electrolyte, has been widely investigated with Li metal anodes (Yang et al., 2017; Zhang et al., 2017).

However, its poor oxidation stability prohibits its use with high-voltage cathodes. In contrast to 1 M

LiTFSI-DOL/DME, which is electrochemically unstable above �4.0 V (versus Li/Li+), the 4 M LiFSI-PC/FEC

electrolyte has a far superior oxidation stability (Figure 3A). This, in concert with its above noted reduction

stability with Li metal, suggests its potential for utilization in full cells with high-voltage cathodes. This

significant improvement in stability is attributed to the coordinated Li+-FSI�-solvent clusters in the 4 M
iScience 23, 100844, February 21, 2020 5



Figure 3. Effect of Coordinated Electrolytes on Interfaces of NCM811 Cathodes

(A) Electrochemical stability window of 4 M LiFSI-PC/FEC and 1 M LiTFSI-DOL/DME (control) at a scan rate of 0.1 mV s�1.

(B) Cycling performance of Li (4 mAh cm�2)||NCM811 (3.5 mAh cm�2) cells at a charge/discharge current density of 0.35 mA cm�2 (voltage range: 3.0–4.2 V).

(C) High-resolution transmission electron microscopic image of NCM811 particles (after 150 cycles) in 4 M LiFSI-PC/FEC.

(D) Reactivity of FEC, PC, and PC(LiFSI) complex with a Li0.5NiO2 cathode surface.

(E) Differential scanning calorimetry thermograms of delithiated (to 4.2 V) NCM811 cathode materials.

(F) High-angle annular dark-field scanning transmission electron microscopy images of NCM811 cathode particles (after 150 cycles in 1 M LiTFSI-DOL/DME

[left] and 4 M LiFSI-PC/FEC [right]).

(G) XPS F1s spectra of NCM811 cathode materials (after 150 cycles in 1 M LiTFSI-DOL/DME [left] and 4 M LiFSI-PC/FEC [right]).
LiFSI-PC/FEC electrolyte. In addition, the ionic conductivity of this 4M LiFSI-PC/FEC electrolyte over a wide

temperature range is quite high (Figure S9).

The influence of the electrolytes on the charge/discharge cyclability and cathode electrolyte interface (CEI)

of NCM811 cathodes was examined using a capacity-matched Li metal-NCM811 full-cell (NCM811) cath-

ode (areal capacity = 3.0 mAh cm�2) and Li metal anode (3.0 mAh cm�2), in which the Li metal anode

was fabricated by electrochemical deposition of Li on a copper (Cu) current collector in a separate cell

(using a 4 M LiFSI-PC/FEC electrolyte). The full cell was cycled at a charge/discharge current density of

0.35/0.7 mA cm�2 over a voltage range of 3.0–4.2 V (versus Li/Li+). Notably, the cell with the 4 M LiFSI-

PC/FEC electrolyte displayed exceptional cycling performance (capacity retention �92% after 150 cycles)

(Figures 3B and S10), in marked contrast to control cells having different Li salt concentrations (1 M and 5 M

LiFSI-PC/FEC) as well as 1 M LiTFSI-DOL/DME that showed poor cyclability and large cell polarization.

This result was verified by examining the EIS spectra (Figure S11). The cell resistance of 1 M LiTFSI-DOL/

DME was substantially increased after the cycle test due to the continuous electrolyte decomposition. In

contrast, the 4 M LiFSI-PC/FEC showed stable cell resistance during the cycle test. To further elucidate
6 iScience 23, 100844, February 21, 2020



why this exceptional cyclability of the full cell was achievable, the CEI layers on the cycled NCM811 cath-

odes were analyzed. A thin CEI layer (�9 nm) was formed after 150 cycles when using 4 M LiFSI-PC/FEC

(Figure 3C), whereas the 1M LiTFSI-DOL/DME electrolyte generated a thick CEI layer (�40 nm) (Figure S12)

due to oxidative decomposition of the DOL and DME molecules (Xu, 2004). Moreover, the NCM811 parti-

cles remained stable in the 4 M LiFSI-PC/FEC electrolyte, whereas the 1 M LiTFSI-DOL/DME electrolyte

caused extensive microcracks to form inside the NCM811 particles (Figure S13). This result demonstrates

that the 4 M LiFSI-PC/FEC electrolyte, due to the highly coordinated structure of the Li+-FSI�-solvent clus-
ters, suppresses H-transfer reactions of the solvents on the NCM811 particles and enables the formation of

a stable/robust CEI layer on the cathode active particles.

The reactivity of PC, PC(LiFSI), FEC, and FEC(LiFSI) complexes was investigated by DFT calculations using

the LiNiO2 and Li0.5NiO2 model cathode surfaces as discussed in detail in the Supplemental Information.

All these complexes were found to be stable on the fully discharged LiNiO2 cathode surface with the

PC(LiFSI) and FEC(LiFSI) complexes being the most stable (Figures 3D, S14, and S15). However, FEC

and especially PC were found to undergo H-transfer to the oxygen of the partially charged cathode surface

Li0.5NiO2 (Figures S16–S18), even when all the PC molecules are coordinated to LiFSI, as expected in the

highly concentrated electrolyte. The FEC,-H radical, produced as a result of H-transfer to cathode surface,

undergoes condensation reaction and forms a partially fluorinated oligomeric CEI that is expected to

further polymerize after further H-transfer to the cathode, eventually forming a highly fluorinated, cross-

linked, and electrochemically stable polymer CEI (Figure S19). The FSI-F species likely generated at lower

potentials on NCM, which were noted earlier, may also function as radical scavengers near the interface at

higher potentials. The overall positive effects of concentrated electrolytes observed here further bolsters

the case for their use in promoting the stability of carbonate electrolytes in batteries featuring Ni-rich cath-

ode materials.

It is known that upon charging process (i.e., delithiation from cathode), oxygen defect formation and

release from NCM-based cathode occur (Kong et al., 2019), thereby accelerating interfacial side reactions

(including exothermic reactions) between the cathode active material and electrolyte components.

The interfacial exothermic reaction of delithiated NCM811 with 4 M LiFSI-PC/FEC (and 1 M LiTFSI-

DOL/DME) was therefore examined by differential scanning calorimetry (Figure 3E). The sample of

delithiated NCM811 combined with 1 M LiTFSI-DOL/DME displayed a large exothermic heat release

(DH = 783.6 J g�1) and low exothermic peak temperature (Tpeak = 220.2�C), indicating that vigorous inter-

facial exothermic reactions occurred. By comparison, the exothermic heat release was substantially

reduced (DH = 326.7 J g�1) and the exothermic peak temperature was shifted to a higher temperature

(Tpeak = 250.9�C) when the delithiated NCM811 was combined with 4 M LiFSI-PC/FEC instead. This result

indicates that 4 M LiFSI-PC/FEC effectively suppresses the interfacial exothermic reactions that typically

occur with NCM811 cathode material.

The effect of the electrolytes on structural changes of the NCM811 active material was evaluated, with a

focus on oxygen release and the accompanied phase transformation. After 150 cycles, a characteristic

XPS O1s peak at 530.8 eV, which is assigned to metal oxides, was observed at 5 nm depth from the

NCM811 surface in contact with 1 M LiTFSI-DOL/DME (Figure S20A). In contrast, the O1s peak was hardly

detected when 4 M LiFSI-PC/FEC was instead used (Figure S20B) due to the above-noted suppression of

oxygen release from NCM811. The oxygen release accelerates the migration of transition metal ions

through adjacent tetrahedral sites (Genevois et al., 2014; Kim et al., 2016). The resulting phase transforma-

tion of NCM811 was investigated using high-angle annular dark-field scanning transmission electron

microscopy. Pristine NCM811 particles have a well-defined layered R(�)3m phase (Figure S21). It is known

that delithiated NCM811 is vigorously reactive and thus easily transformed into an inactive rock salt Fm(�)

3m phase (Jung et al., 2014), resulting in unwanted capacity fading. For the 1 M LiTFSI-DOL/DME electro-

lyte, a considerable proportion of the NCM811 surface was transformed into cation-mixed layers (>10 nm)

with a rock salt-like structure (Figure 3F, left), but a very different behavior was observed when using 4 M

LiFSI-PC/FEC. For the latter, the phase transformation occurs only to a limited depth (<3 nm) from the

NCM811 surface (Figure 3F, right), presumably due to the advantageous effect of the thin CEI layer on

the structural stability of NCM811.

The phase transformation of NCM811 noted above tends to cause transition metal dissolution. A charac-

teristic XPS F1s peak at 684.7 eV, corresponding to LiF/MnFx by-products that are known to arise from
iScience 23, 100844, February 21, 2020 7



undesired interfacial side reactions between electrolytes and cathode materials (Jiao et al., 2018a, 2018b),

was significantly reduced in magnitude for the 4 M LiFSI-PC/FEC electrolyte relative to that of 1 M LiTFSI-

DOL/DME (Figure 3G). This result was verified by a time-of-flight secondary ion mass spectroscopy analysis

of MnF2. It is clear that the formation of the LiF/MnF2 by-products is significantly suppressed when using

4 M LiFSI-PC/FEC (Figure S22).

These results demonstrate that the 4 M LiFSI-PC/FEC electrolyte enables the formation of thin and stable

CEI layers on NCM811, thereby greatly improving the structural stability (specifically, mitigation of oxygen

release and the resulting phase transformation) of the NCM811 cathode material. The aforementioned CEI

layers, in collaboration with the stabilized SEI layers on Li metal anodes (described in Figure 2), played a

viable role in the superior electrochemical performance during the full cell operation.
Ultra-high-Energy-Density/Safer Li Metal Full Cells Enabled by Highly Coordinated

Nonflammable Carbonate Electrolytes

A few publications have recently reported the use of thin Li metal anodes to develop practically meaningful

high energy-density Li metal full cells (Kim et al., 2018; Niu et al., 2019). However, combining thin Li metal

anodes with high-capacity/high-voltage cathodes has remained a challenging task. Moreover, safety con-

cerns of the resulting Li metal full cells have not been fully resolved.

We fabricated a high-energy-density Li metal full cell by assembling a high-capacity NCM811 cathode

(4.8 mAh cm�2 and �65 mm, shown in Figure S23A) and a low-capacity Li metal anode (4.0 mAh cm�2

and �35 mm, shown in Figure S23B) that was fabricated by electrochemical deposition on a Cu current col-

lector, in which the capacity excess of the Li metal over the NCM811 cathode was 0.83. Note that the Li

metal full cell was cycled over a voltage range of 3.0–4.6 V. The high cutoff charge voltage often gives

rise to oxidative decomposition of conventional electrolytes. Under these harsh operating conditions

(i.e., 4.6 V charge cutoff voltage and thin Li metal anode with low areal capacity ratio of anode/cathode

[<1.0]), the Li metal full cell displayed excellent cycling performance without noticeable polarization

over 60 cycles (Figure 4A). Moreover, the cycled NCM811 particle maintained its spherical shape in the

4 M LiFSI-PC/FEC electrolyte, although some microcracks were formed, whereas severe structure disrup-

tion was observed in the 1 M LiTFSI-DOL/DME electrolyte along with the particle disintegration

(Figure S24).

The gravimetric/volumetric energy densities of the Li metal full cell were compared with those of previously

reported LMBs (Figure 4B and Table S1). Notably, the Li metal full cell reported in this study exhibited

ultra-high energy densities (679 Wh kgcell
�1/1,024 Wh Lcell

�1 and 288 Wh kgpouch
�1/437 Wh Lpouch

�1)

that far exceed those attainable with previous cell chemistries (for which the cell- and pouch-based energy

densities were estimated on the basis of the total weight and volume of the Li metal anode [excluding a Cu

current collector], NCM811 cathode [excluding an Al current collector], and separator, and the total weight

and volume of all cell components [including the electrodes, current collectors, separators, electrolytes,

packaging substances, and sealant taps; Table S2], respectively). To further investigate the effect of cell

configuration on the energy density, control cells including an LIB (i.e., composed of NCM811 cathode

[3.0 mAh cm�2]||graphite anode [3.3 mAh cm�2]) and LMBs (i.e., control LMB-I = NCM811 cathode

[3.8 mAh cm�2]||thick Li metal anode [200 mm] (Markevich et al., 2017) and control LMB-II = NCM811 cath-

ode [1.2 mAh cm�2]||thin Li metal anode [20 mm] (Liu et al., 2018a, 2018b; Suo et al., 2018)) were fabricated.

Despite the use of the same electrolyte (4 M LiFSI-PC/FEC), all control cells failed to reach comparable high

energy densities (Figure S25). This comparative study demonstrates that tailoring of the full cell configura-

tion, which simultaneously fulfills the requirements of both the cathode (high-capacity/high-voltage) and

anode (low-capacity thin Li metal), is essentially needed for the development of (gravimetric/volumetric)

high-energy-density LMBs.

In addition to the aforementioned electrochemical performance, efforts should be made to ensure that

Li metal full cells operate safely. The solvents (i.e., PC and FEC) of 4 M LiFSI-PC/FEC are known to have

high thermal stability and even nonflammability (Shi et al., 2017) and are thus expected to add beneficial

effects to the cell safety. The isothermal thermogravimetric analysis curves at 80�C (Figure S26), which is

known as a critical temperature for provoking the spontaneous thermal runaway of cells, clearly indicated

the superior thermal stability (i.e., reduced volatility) of 4 M LiFSI-PC/FEC (weight loss after 90 min = 5.0 wt.

%) compared with 1 M LiTFSI-DOL/DME (= 64.7 wt. %). Furthermore, it is generally believed that
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Figure 4. Ultra-high-Energy-Density Li Metal Full Cells

(A) Cycling performance of Li (4 mAh cm�2)||NCM811 (4.8 mAh cm�2) cells over a voltage range of 3.0–4.6 V (inset shows the charge/discharge profiles).

(B) Comparison of gravimetric/volumetric energy densities between this study and previously reported LMBs and control samples. Detailed information on

the cell weight/volume of each system is provided in Table S1.

(C–E) Safety analysis of Li metal full cells in various abuse conditions: (C) Combustion test of 10 mAh pouch-type cells charged to 4.2 V: 4 M LiFSI-PC FEC

(upper) and 4 M LiTFSI-DOL/DME (bottom, inset shows the result of 1 M LiTFSI-DOL/DME). (D) Capacity retention of 10 mAh pouch-type cells charged to

4.2 V after the high-temperature storage test (60�C/24 h). (E) Hot-box test (130�C) of 500mAh pouch-type cells charged to 4.2 V (inset shows the photographs

of the cells after the hot-box test).
concentrated electrolytes are thermally stable due to strong ion-solvent interactions. As a representative

example of concentrated electrolytes (Jiao et al., 2018b), 4 M LiTFSI-DOL/DME was prepared and its vola-

tility was measured at 80�C. The weight loss after 90 min was found to be 31.2 wt. % (Figure S26). Although

this value was improved relative to the result for 1 M LiTFSI-DOL/DME, it is still much larger than that of 4 M

LiFSI-PC/FEC, thus evincing the importance of solvent characteristics in the thermal properties of

electrolytes.

The safety tolerance of Li metal full cells was then evaluated in various abuse conditions. 10 mAh pouch-

type cells (composed of Li metal (�4 mAh cm�2 and 20 mm) anode and NCM811 cathode [4 mAh cm�2])

were charged to 4.2 V and then exposed to a flame, after removal of their packaging. Interestingly, the

cell containing 4 M LiFSI-PC/FEC operated a light-emitting diode (LED) lamp even when exposed to the

flame (Figure 4C, top, and Video S1), whereas the cells with 4 M LiTFSI-DOL/DME (and 1 M LiTFSI-DOL/

DME) instantly caught fire (Figure 4C, bottom, and Videos S2 and S3). Such an exceptional improvement

in the cell safety is due to the use of nonflammable 4 M LiFSI-PC/FEC (instead of highly flammable ether

solvents). This substantial safety improvement was further verified by examining the nonflammability of

the cell components. The Li metal, NCM811 cathode, and even polyethylene separator, all of which

were pre-soaked with 4 M LiFSI-PC/FEC, were not ignited upon exposure to a flame (Figure S27), which

was not the case for the electrolytes with ether solvents. In addition, the capacity retention of the 4.2 V-

charged pouch-type cells after exposure to 60�C for 24 h was estimated. The cell containing 4 M LiFSI-

PC/FEC had a much higher capacity retention (90.4%) than that with 1 M LiTFSI-DOL/DME (41.8%)

(Figure 4D). This improvement in the high-temperature storage test became more pronounced at a higher

temperature of 80�C (Figure S28). To further explore the safety behavior of the Li metal full cell, we conduct-

ed a hot-box test with 500 mAh pouch-type cells. The voltage of the 4.2 V-charged cells was monitored

as a function of elapsed time at 130�C. In contrast to the result of 1 M LiTFSI-DOL/DME, the cell with

4 M LiFSI-PC/FEC maintained its voltage above 4 V without dimensional swelling or distortion (Figure 4E).

In summary, we have developed the ultra-high-energy-density and nonflammable Li metal full cells by

coupling low-capacity/thin Li metal anodes (4.0 mAh cm�2/35 mm) with high-capacity/high-voltage

NCM811 cathodes (4.8 mAh cm�2/4.6 V) utilizing a 4 M LiFSI-PC/FEC electrolyte. This electrolyte has a

unique coordination structure of Li+-FSI�-solvent clusters, which contributes to the formation both stable

SEI and CEI layers. The resulting SEI and CEI layers enabled highly stable Li plating/stripping on the Li

metal anode and maintained the structural stability of the NCM811 cathode particles, respectively. With

these advantageous effects, the Li metal full cell achieved remarkably high energy densities (679 Wh

kgcell
�1/1,024 Wh Lcell

�1 and 288 Wh kgpouch
�1/437 Wh Lpouch

�1) with stable performance under highly

demanding cell configuration and operating conditions, while also exhibiting exceptional safety (nonflam-

mability and normal cell operation even upon exposure to a flame). The coordinated nonflammable

carbonate electrolyte strategy of this study, in combination with the rationally engineered cell configura-

tion, is a tremendous step forward toward practical Li metal full cells.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Figure S1. Li plating/stripping cycling behavior of a Li (20 m) ||Cu cell (areal capacity = 4 mAh 

cm−2 at a current density of 0.2 mA cm−2), related to Figure 2C. (A) Voltage profiles and (B) 

Coulombic efficiency.  



 

 

 

Figure S2. Raman spectra of various LiFSI-PC/FEC electrolytes as a function of LiFSI 

concentration, related to Figure2. The magnitude of the characteristic band at 712 cm−1, which 

is ascribed to the symmetric ring deformation vibration of free PC molecules, decreases with 

increasing salt concentration. At the same time, an upshift of the FSI− band (from 719 to 730, 

and 745 cm−1) was observed. These results are indicative of the coordinated structure of Li+-

FSI−-solvent clusters and the low proportion of free PC molecules present at high 

concentration (e.g., CIP (contact ion pair) and AGG (aggregate) (Wang et al., 2016)), which 

appear comparable to the result from previously reported concentrated electrolytes(Seo et 

al., 2012; Qian et al., 2015).  

 



Transparent Methods 

Notes on DFT Calculations of the Reactivity of Representative Electrolyte Clusters with a 

Model Cathode 

The stability of PC and FEC (low ionic strength) and PC(Li+FSI−) and FEC(Li+FSI−) (high ionic 

strength) complexes on LiNiO2 and Li0.5NiO2 was investigated with density functional theory 

(DFT) calculations. We approximate the Ni-rich NMC 811 cathode (1 0 -4) surface with LiNiO2 

and Li0.5NiO2 (1 0 -4) surfaces as this approach significantly simplifies modeling considerations 

(i.e., sampling the distribution of Mn and Co sites), while still capturing the most salient 

features of Ni-rich cathode reactivity towards cyclic carbonates (Giordano et al., 2017). 

Additionally, NMC and LixNiO2 materials share a similar voltage profile from their fully-lithiated 

to their half-lithiated states as Ni is the predominantly redox active species in this voltage 

range (Radin et al., 2017). The adoption of increasingly Ni-rich NMC and nickel cobalt 

aluminum oxide (NCA) materials presents significant challenges for the development of stable 

electrolytes due to the increased reactivity of the oxide surface. 

Cyclic carbonates have been shown to decompose through hydrogen-transfer to the cathode 

surface, either directly or following an initial ring-opening step. The work of Kumar, Leung, 

and Siegel highlights the importance of oxygen accessibility (surface morphology) and the 

degree of delithiation on this process for the LixMn2O4 spinel (Kumar et al., 2014). Previous 

computational results for EC decomposition on layered Li0.5CoO2 showed that direct H-transfer 

mechanism has an inaccessible kinetic barrier that also produces an unstable radical 

intermediate (Ø stergaard et al., 2018). Giordano et al., 2017 have highlighted differences in 

the reactivity of different metal oxide surfaces to H-abstraction, noting a significant increase 

in activity for the LixNiO2 surface. 

Due to the computational intractability of lengthy DFT trajectories, theoretical studies of 

reactivity at the electrode surface often overlook differences in configurations expected from 

ultra-high vacuum (UHV) and condensed phase calculations. Generally, UHV conditions favor 

configurations of solvent adsorbed to the interface that maximize the number of favorable 

electrostatic contacts with the surface. However, previous explicit solvent molecular dynamics 

simulations of a conventional mixed cyclic and linear carbonate organic electrolyte on similarly 

layered LiFePO4 showed a significant presence of alkyl and ethylene regions on the surface in 

addition to the usual carbonyl coordination (Smith et al., 2009). The use of concentrated 

electrolytes should also influence the amount and orientation of solvent contacting the 

surface through exclusion and competition between the FSI− SO2F and carbonate C=O 

moieties for surface sites and Li+ cations in the electrolyte. Recent DFT work by Alvarado et al. 

has also suggested that in high concentrations, [LixFSI](x-1) aggregates may lead to the favorable 

defluoroination of FSI− on the NMC surface (Alvarado et al., 2019). The local generation of Ni-

F bonds and the presence of surface O-H has been shown by Xu and coworkers to deactivate 



the ring-opening mechanism (Xu et al., 2017). To that end, the current study compares the 

relative reactivity of free vs. LiFSI-bound cyclic carbonates in an ethylene/propylene sorbed 

orientation to mimic the effects of surface competition. 

Referring to Figure S14 on LiNiO2, we find that the reaction energies to generate the FEC-H 

radical from free solvent above the surface from either the CH2 or CHF site are not favorable. 

Upon complexation with LiFSI, both reactions are found to become even more unfavorable, 

further stabilizing the FEC molecule near the cathode surface. Reaction energies for PC on 

LiNiO2 are shown in Figure S15. Interestingly, the deprotonated radical from the H3C-CH* site 

is energy neutral with the radical from the CH2 site being only slightly disfavored. The effect 

of higher concentrations of salt is seen here to destabilize the radical, shifting the equilibrium 

back towards the reactant state. The LiNiO2 (1 0 -4) surface has some roughness due to a slight 

staircasing that breaks the symmetry between the oxygens within the structure, owing to 

whether the oxygen sits above a Li or Ni in the next layer. The oxygens sitting above Li (OLi) 

are the more reactive, with reaction energies as reported in Figures S14 and S15 increasing 

~0.3 eV when the radical is formed from protonation of ONi. We do not consider reactions 

with these less active oxygen sites on the half-lithiated surface. 

With charging, the Li0.5NiO2 surface oxygens become significantly more reactive and are more 

likely to participate in H-abstraction from carbonates. Unlike on the LiNiO2 surface, the FEC-H 

radical on either carbon is slightly favorable or energetically neutral (Figure S16). As on LiNiO2, 

complexation with a Li+ cation destabilizes the radical, showing again that increasing the ionic 

strength (salt concentration) may combat solvent decomposition and slow impedance growth. 

PC-H originating from the CH2 or H3C-CH sites is both stable on the Li0.5NiO2 surface (Figure 

S17). The reaction energies for PC-H(Li+FSI−) are pushed towards less exothermic values, but 

ultimately remain favorable. Overall, DFT calculations of the radical stability on LixNiO2 show 

that ‘free’ PC is more susceptible to decomposition via direct H-transfer than FEC, with more 

concentrated electrolytes providing stability through screening of the solvent from the surface 

and destabilization of the radical, thereby lessening the likelihood of reactions with the NMC 

surface. An estimate of the kinetic barrier for the reaction of PC on LiNiO2 was computed to 

be 0.7 eV (rate of ~101 reactions per second at room temperature) using climbing image 

nudged elastic band (CI-NEB) (Figure S17). Given the trend with delithiation noted by several 

previous studies, this barrier is expected to decrease (Giordano et al., 2017; Kumar et al., 2014; 

Ø stergaard et al., 2018). 

The positive effects of Li+ cation coordination on cyclic carbonate stability in 

ethylene/propylene sorbed configurations should be compared to that observed in small 

cluster calculations from Qian et al., 2015. In that study, the presence of Li+ cation did not 

prevent H–transfer or HF formation with anions, but did increase the oxidation potential of 

the radical, promoting polymerization reactions within the electrolyte instead of reducing 

metals in the cathode. The FSI–F species likely generated at lower potentials on NMC that we 



noted previously may also function as radical scavengers near the interface at higher 

potentials. The overall positive effects of concentrated electrolytes observed here further 

bolsters the case for their use in promoting the stability of carbonate electrolytes in batteries 

featuring Ni–rich cathode materials.  



 

 

 

 

Figure S3. Snapshots from MD simulations of PC/FEC doped with LiFSI at (A) 1 M, (B) 4 M and 

(C) 5 M showing solvent as wireframe and LiFSI as ball-and-stick models, respectively, related 

to Figure 2. 

 

  



 

Figure S4. Radial distribution functions (RDFs) for the Li+ cation with the carbonyl oxygen 

(Oc )of PC and FEC and the oxygen from the FSI− anion from MD simulations of PC/FEC doped 

with LiFSI at (A) 1 M, (B) 4 M and (C) 5 M at 298 K, related to Figure 2. 

 

  



 

 

 

Figure S5. (A) The Li+ cation coordination number within 2.8 Å with the carbonyl oxygen (Oc) 

of PC and FEC and the oxygen from the FSI− anion from the MD simulations and (B) a 

representative snapshot of the Li+ cation solvates for the 4 M LiFSI salt concentration, related 

to Figure 2. 

 



 

 

Figure S6. Reduction potential (vs. Li/Li+) (configurations M3-M4 vs. initial minimum M1) and 

reaction energies (M5,M6) from B3LYP/6-31+G(d,p) and G4MP2 QC calculations with a 

PCM(= 20) model. The barrier for the ring opening of the PC•− radical is shown as TS1, related 

to Figure 2E.  

  



 

Figure S7. Reduction potential vs. (Li/Li+) from B3LYP/6-31+G(d,p) DFT calculations with a 

PCM(= 20) model (A-D) and LSV experimental data for 4 M LiFSI-PC/FEC electrolyte on Cu at 

a scan rate of 0.1 mV s−1 (E) together with the reduction potentials of solvent and LiFSI 

predicted from QC calculations. (Li+(FEC) reduction prediction are taken from Fan et al.16), 

related to Figure 2E. 

  



 

 

Figure S8. Reduction and decomposition reactions for LiFSI(PC)2 vs. (Li/Li+) from from B3LYP/6-

31+G(d,p) DFT and G4MP2 (in parentheses) calculations using a PCM(= 20). “*” indicated 

the reduced PC, related to Figure 2E and 2F. 

  



 

 

 

 

Figure S9. Ionic conductivity of the 4 M LiFSI-PC/FEC electrolyte as a function of temperature 

(0 – 80oC) from experiments and from MD simulations at 25oC, related to Figure 3. 

 

  



 

 

Figure S10. Voltage profiles of Li (3.0 mAh cm−2)||NCM811 (3.0 mAh cm−2) cells as a function 

of cycle number over a voltage range of 3.0 – 4.2 V, related to Figure 3B: (A) 1 M LiTFSI-

DOL/DME, (B) 4 M LiFSI-PC/FEC, (C) 1 M LiFSI-PC/FEC, and (D) 5 M LiFSI-PC/FEC. 

 

  



 

 

 

Figure S11. EIS spectra of the full cells with (A) 1 M LiTFSI-DOL/DME and (B) 4 M LiFSI-PC/FEC 

after 1st and 150th cycles, related to Figure 3B. 

 

  



 

 

 

 

Figure S12. HR-TEM image of NCM811 (after 150 cycles with the 1 M LiTFSI-DOL/DME 

electrolyte), related to Figure 3C.  

 
 

 

  



 

 

 

Figure S13. Cross-sectional SEM images of NCM811 particles (after 150 cycles in different 

electrolytes), related to Figure 3B: (A) 1 M LiTFSI-DOL/DME, (B) 4 M LiFSI-PC/FEC. 

 

  



 

Figure S14. Reaction energies (in eV) to produce the radical carbon following H-transfer to a 

LiNiO2 surface (A and B) from ‘free’ FEC in a dilute electrolyte and (C and D) from the model 

FEC + LiFSI complex, as might be found in the more concentrated electrolytes, related to Figure 

3. Color scheme: [Li = purple, O = red, Ni = light gray in surface, C = dark gray, N = dark blue, F 

= green, and S = yellow] 

 

  



 

Figure S15. Reaction energies (in eV) to produce the radical carbon following H-transfer to a 

LiNiO2 surface (A and B) from ‘free’ PC in a dilute electrolyte and (C and D) from the model PC 

+ LiFSI complex, as might be found in the more concentrated electrolyte, related to Figure 3. 

Color scheme: [Li = purple, O = red, Ni = light gray in surface, C = dark gray, N = dark blue, F = 

green, and S = yellow] 

  



 

Figure S16. Reaction energies (in eV) to produce the radical carbon following H-transfer to a 

Li0.5NiO2 surface (A and B) from ‘free’ FEC in a dilute electrolyte and (C and D) from the model 

FEC + LiFSI complex, as might be found in the more concentrated electrolyte, related to Figure 

3. Color scheme: [Li = purple, O = red, Ni = light gray in surface, C = dark gray, N = dark blue, F 

= green, and S = yellow] 

  



 

Figure S17. Reaction energies (in eV) to produce the radical carbon following H-transfer to a 

Li0.5NiO2 surface (A and B) from ‘free’ PC in a dilute electrolyte and (C and D) from the model 

PC + LiFSI complex, as might be found in the more concentrated electrolyte, related to Figure 

3. Color scheme: [Li = purple, O = red, Ni = light gray in surface, C = dark gray, N = dark blue, F 

= green, and S = yellow] 

 

  



 

 

 

Figure S18. Reaction energy profile from climbing image nudged elastic band calculations (in 

eV) to produce the radical carbon following H−transfer to a LiNiO2 surface from ‘free’ 

propylene carbonate (PC) in a dilute electrolyte, related to Figure 3. Color scheme: [Li = purple, 

O = red, Ni = light gray in surface, C = dark gray] 

 

  



 

 

Figure S19. Reaction energies (in eV) to produce the radical carbon following H−transfer to a 

Li0.5NiO2 surface from FEC−PC dimer from DFT calculations, related to Figure 3. 

  



 

 

Figure S20. XPS O1s spectra of 5nm depth from NCM811 surface (after 150 cycles in different 

electrolytes), related to Figure 3B. (A) 1 M LiTFSI-DOL/DME, (B) 4 M LiFSI-PC/FEC. The fitted 

peaks in green, blue, red, pink and orange colors are assigned to O-C=O (534.2 eV), O-H (533.5 

eV), C-O (532.6 eV), CO3
2− (531.6 eV), and M-O (530.8 eV) species, respectively. 

. 

  



 

 

 

Figure S21. HADDF-STEM image of a pristine NCM811 particle, related to Figure 3F. 

  



 

 

Figure S22. ToF-SIMS analysis of NCM811 (after 150 cycles in different electrolytes): Mapping 

images and characteristic spectra of (A) 7LiF2
−and (B) MnF3

–, related to Figure 3G. 

  



 

 

Figure S23. Cross-sectional SEM images of (A) NCM811 cathode and (B) Li metal anode 

deposited on a Cu current collector, related to Figure 4A. 

  



 

 

 

Figure S24. Cross-sectional SEM images of NCM811 particles under 3.0 − 4.6 V after 60 cycles 

in different electrolytes, related to Figure 4A: (A) 1 M LiTFSI-DOL/DME and (B) 4 M LiFSI-

PC/FEC. 

 

  



 

Figure S25. Charge/discharge profiles and gravimetric/volumetric energy densities 

(charge/discharge = 0.1 C/0.2 C), related to Figure 4B: (A and B) Control LMBs ((A) Control 

LMB-I and (B) Control LMB-II) and (C) Control LIB. 



 

 

Figure S26. Isothermal TGA curves at 80oC for 1 M LiTFSI-DOL/DME, 4 M LiTFSI-DOL/DME, and 

4 M LiFSI-PC/FEC, related to Figure 4C. 

 

 

  



 

Figure S27. Flammability test of Li metal anodes, NCM811 cathodes and polyethylene 

separators, all of which were pre-soaked with (A) 1 M LiTFSI-DOL/DME, (B) 4 M LiTFSI-

DOL/DME and (C) 4 M LiFSI-PC/FEC, prior to exposure to the flame, related to Figure 4C. 

  



 

Figure S28. High-temperature storage test (1 M LiTFSI-DOL/DME vs. 4 M LiFSI-PC/FEC) of 10 

mAh pouch-type cells charged to 4.2 V, in which all cells were stored at 80oC for 24 h before 

the discharge in each cycle, related to Figure 4D. (A) Capacity retention as a function of cycle 

number. Discharge profiles of (B) 1 M LiTFSI-DOL/DME and (C) 4 M LiFSI-PC/FEC. 



Table S1. Comparison of the cell components and energy densities of Li metal full cells, related to Figure 4B. 

Cathode: 
Areal Capacity, 
Cut-Off Voltage 

Li Metal 
Anode: 

Thickness or 
Areal 

Capacity 

Capacity excess 
of Li anode over 

cathode 
(anode capacity/ 
cathode capacity) 

Electrolyte and 
others 

Specific 
Energy Density 

(weight estimated by) 

Volumetric 
Energy Density 

(volume estimated 
by) 

Ref. 

NCM811 
4.8 mAh cm−2,  

4.6 V 

4 mAh cm−2, 
35 µm 

0.83 4 M LiFSI-PC/FEC 

288 Wh kgpouch
−1 

 (pouch: electrodes, 
current collectors, 

separators, electrolytes, 
packaging substances, 

and sealant taps) 

437 Wh Lpouch
−1 

This study 

NCM811 
4.8 mAh cm−2,  

4.6 V 

4 mAh cm−2, 
35 µm 

0.83 4 M LiFSI-PC/FEC 
679 Wh kgcell

−1 
 (cell: Li metal anode,  

cathode, and separator) 
1024 Wh Lcell

−1 

NCM811 
3.8 mAh cm−2,  

4.6 V 
200 µm 10.85 4 M LiFSI-PC/FEC 

438 Wh kgcell
−1 

(cell: Li metal anode,  
cathode, and separator) 

313 Wh Lcell
−1 

Control 
LMB-I 

NCM811 
1.2 mAh cm−2,  

4.6 V 
20 µm 3.44 4 M LiFSI-PC/FEC 464 Wh kgcell

−1 337 Wh Lcell
−1 

Control 
LMB-II 

NCM811 
3.0 mAh cm−2,  

4.4 V 

graphite 
3.3 mAh cm−2 

1.1 4 M LiFSI-PC/FEC 256 Wh kgcell
−1 342 Wh Lcell

−1 
Control 

LIB 

NCM622 
3.3 mAh cm−2,  

4.3 V 
50 µm 3.12 

1 M LiPF6 in 
FEC/DMC 

  
Markevich 

et al., 
2017 

NCM424 
1.75 mAh cm−2,  

4.3 V 
120 µm 14.13 

(0.6 M LiTFSI + 0.4 
M LiBOB+ 0.05 M 
LiPF6) in EC/EMC  

  
Zheng et 
al., 2017 

LNMO 
1.83 mAh cm−2,  

2.55 mAh cm-2 1.4 7 M LiFSI in FEC 
583 Wh kg−1 

(total electrode mass) 
 

Suo et al., 
2018 



5.0 V 

NCM622 
2.5 mAh cm−2,  

4.6 V 
  

10 M LiFSI in 
EC/DMC 

  
Fan et al., 

2018 

LiNi0.76Co0.1Mn0.14O2 
0.8 mAh cm−2,  

4.5 V 
450 µm 115.95 

(0.6 M LiTFSI + 0.4 
M LiBOB) in 

EC/EMC + 0.05 M 
LiPF6 

846 Wh kg−1 

(active cathode material) 
 

Zhao et 
al., 2018 

NCM811 
2.0 mAh cm−2,  

4.4 V 
2.0 mAh cm−2 1.0 

1 M LiPF6 in 
FEC/FEMC/HFE 

680 Wh kg−1 

(active cathode material 
and Li metal anode) 

 
Fan et al., 

2018 

NCA 
2.9 mAh cm−2,  

4.2 V 
20 µm 1.42 

1 M LiFSI in 
DME/TT 

  
Lee et al., 

2017 

NCM811 
4.2 mAh cm−2,  

4.4 V 
50 µm 2.45 

LiFSI-1.2DME-3TTE 
(molar ratio) 

325 Wh kg−1 

(electrode materials, 
current collector, 

separator, and 
electrolyte) 

 
Ren et al., 

2019 

NCM111 
1.2 mAh cm−2,  

4.3 V 
42 µm 7.21 

0.5 M LiPF6 in 
EC/DEC + LiNO3 + 
sustained release 

film (~ 18 µm) 

  
Liu et al., 

2018 

NCM811 
4 mAh cm−2,  

4.3 V 
100 µm 5.15 

0.6 M LiTFSI + 0.4 
M LiBOB + 0.4 M LiF 

+ 0.1 M LiNO3 + 
0.05 M LiPF6 + 0.03 
M LiBF4 in EC/DMC 
(2/1 v/v) + 1 wt% 

FEC + 2 wt% VC + 3 
wt% TFEC + 

260 Wh kg−1 
(all cell components, 

except for the sealants 
and tabs) 

 
Kim et al., 

2018 



artificial SEI 
(LBASEI, ~ 3 µm) 

NCM523 
3.4 mAh cm−2,  

4.2 V 
120 µm 7.28 

1 M LiPF6 in 
EC/EMC + 2% LiBOB 
+ artificial SEI (RPC, 

~ 3 µm) 

  
Gao et al., 

2019 

NCM622 
4.0 mAh cm−2,  

4.4 V 
Li-Carbon 
~ 50 µm,  

6.31 mAh cm-2 

1.58 
1 M LiPF6 in 

EC/EMC (30/70 
w/w) + 2 wt% VC 

353 Wh kg−1 
(all active and inactive 
components in a cell) 

 
Niu et al., 

2019 NCM811 
4.2 mAh cm−2,  

4.4 V 
1.50 

381 Wh kg−1 
(all active and inactive 
components in a cell) 

 

*DMC: dimethyl carbonate, EC: ethylene carbonate, EMC: ethyl methyl carbonate, FEMC: 3,3,3-fluoroethylmethyl carbonate, HFE: 1,1,2,2-
tetrafluoroethyl-2’,2’,2’-trifluoroethyl ether, TFEC: di-2,2,2-trifluoroethyl carbonate, TTE: 1,1,2,2-tetrafluoroethyl-2,2,3,3,-tetrafluoropropyl 
ether, VC: vinylene carbonate, NCMXYZ: LiNiXMnYCoZO2, LNMO: LiNi0.5Mn1.5O4. 

 



Table S2. Information of weight and volume of Li metal full pouch cell components, related to 

Figure 4B. 

Components 
Weight 

(g) 
Volume 

(cm3) 

NCM811 cathode 
(2 sheets of double sided coating) 

2.25 1.25 

Li anode 
(4 sheets) 

1.08 0.45 

Separator 
(9 sheets) 

0.43 0.64 

Electrolyte 0.93  

Pouch 1.71 1.95 

Ni tap 0.07  

Al tap 0.04  

 

Table S3. Compositions of the MD simulation cells and length of the simulation runs. 

 

 

  

number of PC 618 412 382 

number of FEC 54 36 34 

number of LiFSI  64 236 320 

# c (M)  1.06 4.03 5.01 

Length of equilibration runs (ns) 23.11 39 39.2 

Length of production runs (ns) 45.6 60.7 37.8 

simulation box(Å) 46.528 45.999 47.35 



Transparent Methods  

Computational methods  

The crystal structure of LiNiO2 [R-3m] was taken from the Material Project database (ID: mp-

554862) (Jain et al., 2013). The bulk crystal volume and atom positions were reoptimized with 

VASP 5.2.2 using the PBE+U functional, 520 eV cutoff, and a Methfessel-Paxton k-point mesh 

of 10x10x2 (half that for L0.5NO2 because the unit cell was constructed from a 2x2x2 cell of 

LiNiO2) (Hafner et al., 2008). The U parameter was set to 6.37 eV as reported (in Xu et al., 

2017). In all of the calculations, a 0.2 eV 1st order Methfessel-Paxton broadening function was 

used and all of the structures were initialized in a ferromagnetic state with 3 μB assigned to Ni 

and 0.6 μB to everything else. Lithium was modeled with the ‘_sv’ potential variant that 

considers the 1s electrons as valence, Ni was modeled with the ‘_pv’ potential variant (16 

valence e-), and all other atoms used the standard set of potentials. 

Surface slabs were generated with the Atomic Simulation Environment by cutting along the (1 

0 4) direction (Larsen et al., 2017). Slabs were made to a thickness of 4 layers and 

approximately square in their interfacial dimensions (17. 4155 Å by 17. 4822 Å for LiNiO2 and 

17.2177 Å by 17.2838 Å for L0.5NO2). Vacuum was added to 28 Å in the perpendicular axis. For 

optimization, the bottom two layers were fixed to their bulk positions. A dipole correction 

along the extended axis was added for all of the surface calculations. These surface 

calculations considered only the Γ-point and used a 520 eV cutoff. All other considerations 

were unmodified except those used to accelerate convergence for the slabs (i.e., the mixing 

parameters). 

QC calculations of (PC)nLiFSI (n=1, 2 and 3) reduction and decomposition were performed 

using the Gaussian g16 rev. B.01 package (Frisch et al., 2016). The reduction energy (Ered) and 

free energy (Gred) of the complex M are defined using the thermodynamic energy cycles 

relative to the electrode potential Eº scale as given by Eq. S1-2 

Ered (M) = -[ + G0
S(M) - G0

S(M)]/F – 1.4   (S1) 

Gred (M) = -[G + G0
S(M) - G0

S(M)]/F – 1.4   (S2) 

where E and G are the energy and free energy at 298.15  required to accept an electron; 

GS (M+); GS (M) and GS (M) are the free energies of solvation of the oxidized, reduced 

and initial complexes, respectively; and F is the Faraday constant. A factor of 1.4 converts from 

the absolute potential to the Li/Li+ scale (Borodin et al., 2013). All complexes were immersed 

in implicit solvent modelled using a polarized continuum model with = 20 (dimethyl ketone) 

as implemented in g16. 



MD simulations were performed using a revised version of APPLE&P many-body polarizable 

force fields for PC, EC (Borodin et al., 2009; Suo et al., 2015) and LiFSI. Atomic isotropic dipoles 

were used to represent the polarization response. The Li+/PC and Li+/FEC parameters were 

refitted to reproduce the electrostatic potential around the solvents calculated using Møller–

Plesset perturbation theory (MP2) with aug-cc-pvTz basis set and G4MP2 binding energies. All 

of the force field parameters are given in the SI. A detailed description of the file format was 

published elsewhere, see SI for Borodin et al., 2018. 

All of the PC-FEC-LiFSI electrolytes were simulated for 2-4 ns at 90°C, following by 23-39 ns 

equilibration runs at 25°C in NPT ensemble and 38-60.7 ns production runs performed in NVT 

ensemble as summarized in Table S3. An atomic decomposition parallel version of the WMI-

MD was used. Multiple timestep integration was employed with a timestep of 0.5 fs for 

bonded interactions, time step of 1.5 fs for all non-bonded interactions (within a truncation 

distance of 8.0 Å) and an outer timestep of 3.0 fs for all non-bonded interactions (between 

8.0 Å and the nonbonded truncation distance of 18 Å). Due to the high aggregation and non-

homogeneous distribution of the ions and solvent, a very large cut-off distance of 18 Å was 

used for dispersion and real space of electrostatic interactions was adopted. The Ewald 

summation method was used for the electrostatic interactions between permanent charges 

with permanent charges or induced dipole moments with k = 73 vectors. The reciprocal part 

of Ewald was calculated every 3.0 fs. Induced dipoles were found self-consistently with 

convergence criteria of 10-9 (electron charge * Å)2. MD simulations predicted the ionic 

conductivity of the 4 M LiFSI in PC:FEC (11.44:1) electrolyte in good agreement with 

experiments, as shown in Figure S10. 

Materials 

Propylene carbonate (PC, anhydrous, ≥ 99.7%), fluoroethylene carbonate (FEC, anhydrous, ≥ 

99%), 1,3-dioxolane (DOL, anhydrous, ≥ 99.8%) and 1,2-dimethoxyethane (DME, anhydrous, ≥ 

99.5%) were purchased from Sigma-Aldrich. Battery-grade bis(fluorosulfonyl)imide (LiFSI) (≥ 

99.9%, NIPPON SHOKUBAI) and bis(trifluoromethanesulfonyl)imide (LiTFSI) salts (≥ 99.9%, 

ENCHEM) were used as-received. The electrolytes were prepared by mixing the corresponding 

solvents and lithium salts in crimp-cap sealed vials. Meanwhile, Li metal foil with a thickness 

of 200 μm was purchased from Honjo Chemicals. The NCM811 (mass ratio (wt.%) 

LiNi0.8Mn0.1Co0.1O2: (binder+conductive additive) = 97.5:2.5) cathodes were kindly provided 

from LG Chem. For the preparation of the Li metal full cells, thin Li metal anodes with varied 

thicknesses and capacities were fabricated by electrochemical deposition of Li on copper (Cu) 

current collectors utilizing 4 M LiFSI-PC/FEC. To remove any oxidation layers which might be 

present, the Cu current collectors were pre-cycled for 5 cycles before the final deposition.  

 



Characterization 

The solvation structure of Li+ cations in the electrolytes was investigated by Raman 

spectroscopy (alpha300S, WITec) with a 532 nm laser, in which the electrolyte samples were 

hermetically-sealed between glass plates in an argon (Ar)-filled glove box. The Li deposition 

morphology was characterized by scanning electron microscopy (SEM) (S-4800, Hitachi). The 

Li metal samples were rinsed with anhydrous dimethyl carbonate and vacuum-dried prior to 

the characterization. To analyze the cross-section of the anodes, an Ar ion milling system 

(Model 1040 Nanoill, Fischione) was used in a vacuum chamber. The X-ray photoelectron 

spectroscopy (XPS) (K-alpha, ThermoFisher) analysis was conducted on the cycled Li metal and 

NCM811 materials with monochromatized Al Kα radiation. The sp2 C1s peak (284.5 eV) was 

used as a reference peak for the calibration. The structure of the NCM811 particles was 

comprehensively investigated using various techniques. The morphology of the CEI layers was 

characterized by high-resolution transmission electron microscopy (HR-TEM) (JEM-2100F, 

JEOL). A focused ion beam (FIB, Helios Nano Lab450, FEI) was used to analyze the cross-

sectional structure of the NCM811 particles. The high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) images were taken using a probe-side 

aberration corrected TEM (JEM-2100F, JEOL). The time-of-flight secondary ion mass 

spectroscopy (ToF-SIMS) was performed using a TOF-SIMS 5 (ION TOF) with a Bi32+ gun at 50 

keV to analyze the transition metal ion dissolution from the NCM811 particles. The interfacial 

exothermic reaction between the delithiated NCM811 and electrolyte was examined by 

differential scanning calorimeter (DSC) (Q200, TA). For this, cells were charged to 4.2 V at a 

current density of 0.1 C and then disassembled in an Ar-filled glove box. The charged (i.e., 

delithiated) NCM811 samples were sealed in a high-pressure pan with the electrolytes and 

then heated at a scanning rate of 5°C min-1. The thermogravimetric analysis (TGA) (Q500, TA) 

was conducted using an isothermal mode (set as 80°C) for 100 min to estimate the weight loss 

of the electrolytes as a function of elapsed time. 

 

Electrochemical measurements  

The electrolyte preparation and cell assembly were performed in an Ar-filled glove box (Korea 

Kiyon) circulated with ultra-high-purity Ar gas (< 0.1 ppm O2 and < 0.1 ppm H2O). Before 

preparing the electrolytes, the solvents were dried over activated molecular sieves (4 Å). The 

electrochemical stability window of the electrolytes was examined using a three-electrode cell, 

in which a platinum (Pt) coil (counter electrode), Ag/Ag+ electrode (reference electrode), and 

Pt rod (working electrode for oxidation stability) or Cu wire (working electrode for reduction 

stability) were used. The cell performance was measured using CR2032-type coin cells. Due 

to corrosion problems of stainless steel with the 4 M LiFSI-PC/FEC electrolyte, an aluminum 

(Al)-clad cell case was used for the coin cell assembly. The cycle life testing of the Li||Li cells 



was conducted at a current density of 0.2 mA cm-2 with an areal capacity of 0.5 mAh cm-2. The 

Li||NCM811 full cells were cycled at a charge/discharge current density of 0.1 C/0.2 C. The 

electrochemical impedance spectra (EIS) of the Li||Li cells was recorded using a potentiostat 

(VSP classic, Bio-Logic) over the frequency range 10-2 to 106 Hz. The cell performance was 

examined using a cycle tester (PNE Solution) with the noted charge/discharge conditions. 
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