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High-voltage rechargeable lithium-metal batteries (LMBs) require electrolytes that are compatible with
both the Li metal anode (LMA) and the metal-oxide cathode. Herein, by imitating the fluorosulfonyl
imide group from a well-known LMA-compatible salt, lithium bis(fluorosulfonyl) imide (LiFSI), we come
up with an organic solvent dimethylsulfamoy! fluoride (FSO,NC,Hg), a fluorosulfonamide (FSA) with two
methyl substituents, to develop a new “full fluorosulfonyl” (FFS) electrolyte. Remarkably, it enables a
highly reversible LMA with an excellent initial coulombic efficiency (CE) ~91%, and rapidly approaching
99% within only 10 cycles, with average CE outperforming the well-known LMA-compatible
fluoroethylene carbonate (FEC)-based electrolyte. Furthermore, benefitting from its high anodic stability
against the oxidative LiNiggMng2C0p20, (NMC622) and LiMn,O4 (LMO) surfaces, the Li|NMC622 cell
retains 89% of its original capacity after 200 cycles using a limited Li excess anode. This electrolyte
design strategy opens a new avenue for exploring new medium-concentration organic electrolytes for
4V class lithium-metal batteries (LMBs).
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Broader context

The energy density of rechargeable batteries can be enhanced by pairing a lithium metal anode (LMA) with a commercially available Ni-rich NMC cathode
(e.g2 NMC622). However, it is a great challenge for the electrolyte to have good compatibility with both the highly-reductive LMA and the oxidative cathode.
In this work, we develop a new FFS electrolyte by imitating the fluorosulfonyl imide group from a well-known LMA-compatible salt—LiFSI, to utilize an
“FSI-inspired solvent” dimethylsulfamoyl fluoride (FSO,NC,Hs) and also dissolving LiFSI in it. FFS electrolyte enables a highly reversible LMA, outperforming the
well-known FEC-based electrolyte. The Li|NMC622 and Li|LiMn,O, cells exhibit high capacity retention using a limited Li resource, demonstrating 4 V class LMBs.

(cc)

Introduction

Current lithium-ion batteries (LIBs) based on a lithium transition
metal oxide cathode (LiCoO,, LiMn,0,, etc.) and a graphite anode

“ Department of Nuclear Science and Engineering, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139, USA. E-mail: liju@mit.edu

b Department of Materials Science and Engineering, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139, USA

¢ Department of Chemistry, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139, USA. E-mail: jaj2109@mit.edu

 Department of Chemical Engineering, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, USA

¢ Research Laboratory of Electronics, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, USA. E-mail: shaohorn@mit.edu

S Department of Mechanical Engineering, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, USA

+ Electronic supplementary information (ESI) available. See DOI: 10.1039/c9ee02538¢

212 | Energy Environ. Sci, 2020, 13, 212-220

(theoretical specific capacity of 372 mA h g™ ') are approaching
their energy density ceilings"? (~300 W h kg™ '), unable to satisfy
the increasing demands from electric vehicles, electronic devices,
and other markets. A promising approach to boost energy density
>400 W h kg™ is to turn to rechargeable LMBs®’ based on a
LMA and a commercially available Ni-rich NMC (LiNi,M; ,O,,
M =Mn, Co and x > 0.6) with higher capacity and lower cost than
LiCo0,.

LMA? has attracted much attention due to its largest theo-
retical capacity (3860 mA h g ') and lowest electrochemical
potential (—3.04 V vs. the standard hydrogen electrode) of all
possible anodes. It is still a great challenge, however, to achieve
stable and efficient cycling of LMBs, which requires both
dendrite-free deposition and high Li plating/stripping coulombic
efficiency (CE), defined as the ratio between the amount of
Li ions plated onto a Li-inventory free substrate (usually Cu)
and the amount that can be stripped later. The CE, or rather

This journal is © The Royal Society of Chemistry 2020
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the coulombic inefficiency® (CI= 1-CE), is often used to assess
the reversible Li consumption per cycle. To survive for hundreds
of cycles using practical industrial battery parameters including
lean electrolyte and small negative to positive electrode capacity
ratio (N/P ratio), a CE above 99% or even 99.9% would be
needed."®"” Even though the highest CE value achieved is often
reported, the average CE ((CE)) during entire cycling is more
reliable for characterizing the exhaustion of cyclable Li inventory,
which could be improved by increasing the initial CE (ICE) and
stabilized CE (SCE) as well as by minimizing the essential cycle
number (ECN) from ICE to SCE. Imperfect CE (<100%) is often
attributed to reactions between the organic electrolyte and the
highly reductive LMA surface, forming a passivation layer called
the solid-electrolyte interphase (SEI).

In order to achieve high-efficiency cycling of high-voltage
LMBs, the electrolyte must satisfy the following requirements:
(1) it must be able to rapidly form a stable, mechanically robust,
ionically conductive SEI to isolate the remaining liquid electro-
lyte from the highly reactive LMA and accommodate large
volume changes, thus improving the ICE, ECN and SCE thus
yielding a high (CE); (2) it should favor compact and flat
Li deposits, that reduce dendritic growth, improving safety.
(3) It must have sufficient anodic stability to support the high
voltage cathode (>4.3 V), and do not corrode the Al current
collector. Traditional ether/carbonate-based electrolytes do not
fulfill all of these requirements because they are either not
sufficiently oxidatively stable (>4.0 V) or they are not compa-
tible with LMA (CE < 90%).'" Electrolyte components were
reported to greatly affect CE and the Li deposition morphology
include LiNO;,**'* lithium polysulfides,** Cs*,"> SnTFSI,*®
dimethoxyethane (DOL)."” High concentration electrolytes'® >
(HCEs) have also been reported to be an effective way to expand
the electrochemical stability window, which benefits both the
LMA and the high-voltage cathodes. In this regard, LiFSI, which
features a “magic” anion FSI group,>*?® is a popular salt due to
its high solubility in many organic solvents and its unique
ability to form SEI layers with LiF as a significant component.
LiF is mechanically robust,*® has an extremely large bandgap,
and so a very thin LiF layer is able to stop electron tunneling
and further electrolyte decomposition.""*”*® The SEI derived
from liquid electrolyte decomposition is dominated by the
competing reactions between LMA and solvent molecules and
salt anions.”® Since most solvent molecules are coordinated
with Li* in HCEs, SEI formation may shift from solvent-
dominated decomposition in dilute electrolytes to anion-
dominated decomposition'®***® in HCE. This means the good
CE in LiFSI-based HCEs may be governed by reactions between
the FSI™ with Li metal. For example, a breakthrough came by
incorporating 4 M (M denotes molarity, mol-salt in L-solution,
mol L") LiFSI in ether solvents,® which enables high-rate
cycling of the LMA with high CE. More recently, our group
proposed a novel concept of using highly fluorine-donated
electrolyte'’ based on 7 m LiFSI in FEC solvent to achieve a
reversible 5 V class LMB, where we found the LiF-rich SEI
greatly reduces the occurrence of high-aspect ratio Li metal
whiskers and promote the formation of equiaxed Li metal
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grains. Finally, using a high concentration (10 M) of LiFSI in
dimethyl carbonate (DMC) led to a great success by signifi-
cantly improving the Li-compatibility of traditionally dilute
(1 M) DMC-based electrolyte.*”

In spite of their promising features, the practical use of
HCEs is hindered®?*? by their high viscosity, poor ability to wet
nonpolar polyolefin separators, and the high cost of Li salts.
Although a new class of localized high concentration electro-
lytes (LHCEs)**® obtained by diluting HCEs with ‘“inert”
co-solvents may ultimately overcome these challenges, new
highly compatible electrolytes for both LMAs and high-
voltage cathodes that do not employ high salt concentrations
are still urgently needed. This clearly calls for new organic
solvents with excellent LMA-compatibility. It has been empiri-
cally known that fluorinated solvents'*?**7°37:3% generally
exhibit high Li CEs. However, the (CE)s achieved with these
systems are still not satisfactory. An explicit molecular
design strategy is needed to develop new electrolytes that
can fulfill the above requirements and thereby enable high-
voltage LMBs.

Given the beneficial properties of the FSI™ which has two
fluorosulfonyl groups (Fig. 1a), we sought to identify neutral
solvent molecules that bear one or more fluorosulfonyl groups
similar to FSI", are liquids at room temperature, are able to
dissolve sufficient amounts of Li salts, and have wide electro-
chemical stability windows. These ‘FSI-inspired solvents,”
when mixed with LiFSI, could produce a new “full fluoro-
sulfonyl” (FFS) electrolytes. After some searching, we identi-
fied commercially available N,N-dimethylsulfamoyl fluoride
(FSO,NC,Hg, FSA) colorless liquid as a promising solvent, that
consists of one fluorosulfonamide group with two methyl
substituents (Fig. 1a). Sulfonyl fluorides can readily release
F atoms, having attracted significant interests in organic
synthesis: for example, they are key reagents for recently devel-
oped sulfur(vi) fluoride exchange (SuFEx) click reaction,***°
providing unique reactivity for drug discovery and chemical
biology.”""” A medium concentration FFS electrolyte was
obtained by dissolving 2.5 m LiFSI and 0.2 m LiPFs in FSA
(m denotes molality, number of moles of salt per kg of pure
solvent). The viscosity and Li" diffusion coefficient of the
FFS electrolyte at 25 °C are 11.875 mPa s and 2.4 (+0.1) x
10~? m® s~ " (Fig. S1 and Table S1, ESIY), respectively, which are
comparable to the LHCEs.>*** This novel electrolyte success-
fully yields compact and flat Li deposits that suppress Li
dendrite growth. From both density functional theory (DFT)
calculations and experimental analyses, FSA is revealed to
possess higher Li-compatibility than another well-known
LMA-compatible solvent FEC, which is effective in forming
desirable SEI layers.’ FFS electrolyte enables a high Li reversi-
bility as verified by an excellent ICE ~91%, (CE) ~99.03%
(averaged from 1st to 400th cycles), and ECN of only 10 cycles to
reach CE > 99%. Furthermore, thanks to its high anodic
stability >4.5 V, the Li||NMC622 cell with a limited Li resource
exhibits a high capacity retention of 89% after 200 cycles. This
“FFS” electrolyte design strategy opens an avenue for exploring
new organic electrolytes for 4 V class LMBs.
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Fig. 1 Design strategy for the FFS electrolyte. (a) The FFS electrolyte is composed of FSA (solvent) and LiFSI (salt) with fluorosulfonyl groups in both
components; (b) schematic diagram of Li growth and SEI formation mechanism in the FFS electrolyte. Relaxed structure and their associated differential
charge density plot of FSA (c and d) and FEC (e and f) upon their adsorption on the Li(100) surface, as determined from DFT calculations. The binding

energies of Li—=FSA and Li—FEC are 0.6 eV and 0.4 eV, respectively.

Results and discussion

As a well-known Li-compatible carbonate, FEC is widely used as
an electrolyte additive"***~** or sole solvent'" for improving the
Li CE, due to its ability to form compact LiF-rich SEI that covers
the LMA surface and stops further electron tunneling and
electrolyte decomposition. Theoretically, FEC and FSA mole-
cules have similar lowest unoccupied molecular orbital (LUMO)
levels (Fig. S2, ESIT) calculated by first-principles density func-
tional theory (DFT). In order to evaluate their electrochemical
reduction window in an actual electrolyte environment, linear
sweep voltammetry (LSV) was performed on electrolytes with
2.5 m LiFSI in FEC and FSA. Although FEC and FSA exhibit
similar stability against reduction, the baseline current of the
cell using the FSA-based electrolyte is much larger than that
using the FEC-based electrolyte (Fig. S3, ESIf). This result
indicates that FSA is kinetically more reactive with LMA than
FEC which agrees with the fast reaction of FSI group with
Li metal by cleavage of the S-F bond.*® DFT calculations
were also performed to gain further understanding of their
respective reaction pathways. As depicted in Fig. 1c and e,
the primary chemical bond formed during the adsorption is
F-Li in both cases. The F-C bond in FEC remains strong,
however, after the anchoring of FEC onto the Li surface
(Fig. 1d). This result stands in contrast to the case of FSA
adsorption where the F-S interaction is obviously weakened
upon adsorption (Fig. 1f). The higher binding energy (E},) for
FSA (Ep, = 0.60 eV) compared to FEC (E}, = 0.40 eV) suggests that
the F in FSA is easier to be donated towards the formation of
LiF than that in FEC. Therefore, it would be expected that both
FSA and LiFSI can contribute to the formation of LiF-rich SEI
layers (Fig. 1b).

214 | Energy Environ. Sci, 2020, 13, 212-220

To better evaluate the influence of these solvents on the
reversibility of the LMA, dilute electrolytes are preferable since
the Li CE is dominated by reactions between Li and solvents
rather than Li and salts. Thus, we first performed Li plating-
stripping on Cu foil in 1 m LiFSI in FSA or FEC (“LFF” in short
for LiFSI in 100% FEC). It is apparent that (CE) in the FFS
electrolyte (97.87%) is much higher than that in the LFF
electrolyte (95.36%, Fig. S4, ESIT), thus FSA exhibits an intrin-
sically higher Li metal CE than FEC in accordance with the
simulation results (Fig. 1). As the LiFSI concentration increases
from 1 m to 2.5 m (the room-temperature solubility limit) in
FSA, the CE is further improved (Fig. 2a). At a current density
of 0.5 mA cm™?, the LMA exhibits a very high reversibility in the
FFS electrolyte, which is reflected by the very high ICE ~ 91%
and (CE) ~ 99.03% (averaged over 400 cycles) while the
CE quickly reaches 99% within only 10 cycles (ECN of 10).
In sharp comparison, the LFF electrolyte achieves much lower
ICE ~ 89%, (CE) ~ 97.72%, and ECN of 164 cycles (to reach
>99%); while the standard electrolyte (“SE”, commercial
carbonate-based electrolyte, 1 M LiPF4 in 1:1:1 EC/DMC/DEC
by weight ratio) for commercial LIBs shows even poorer com-
patibility with LMA ((CE) ~ 51.74%). To our knowledge, the
(CE) of our FFS electrolyte is the highest ever reported for non-
ether-based electrolytes (Table S2, ESIt) and its high anodic
stability beyond 4.5 V (to be discussed) makes it a very good
candidate for LMBs with Ni-rich cathodes. While conventional
ether-based electrolytes (except HCEs>"*® and LHCEs®®) are well
known for their high LMA-compatibility, their electrochemical
stability window is limited on the high-voltage end.""**

An alternative comparison between FFS and LFF electrolytes
is presented in Fig. 2b, where the amount of irreversible Li

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Electrochemical performances of the Li plating/stripping in different electrolytes, FFS electrolyte: 2.5 m LiFSI + 0.2 m LiPFg in FSA (0.2 m LiPFg was
added to increase anodic stability. Details are discussed in the paragraph related to anode stability.); LFF electrolyte: 2.5 m LiFSI + 0.2 m LiPF¢ in FEC;
SE electrolyte: 1 M LiPFg in 1:1:1 EC/DMC/DEC by weight ratio. (a) Li plating/stripping CEs evaluated by Li||Cu coin cells; (b) The comparison of the
cumulative irreversible capacity over 200 cycles between FFS and LFF electrolytes calculated from (a); (c) the voltage profiles and overpotential evolution
of the Li|[Cu cell using FFS electrolyte. (d) Li plating/stripping from Li|Li symmetric cells and corresponding voltage profiles (e and f) in FFS and SE

electrolytes. All cells were cycled at a current density of 0.5 mA cm™2 with a capacity of 0.5 mA h cm

consumption was integrated over number of cycles.”** As of
200 cycles, the repeated Li plating/stripping in LFF electrolyte
loses nearly twice the amount of reversible Li inventory com-
pared to FFS electrolyte. In addition, Fig. 2c shows the voltage
profiles of the Li||Cu cells at a current density of 0.5 mA cm ™.
The overpotential at the 100th cycle is only 42 mV with a very
slight increase to 54 mV at the 200th cycle and keeping almost
constant afterwards (57 mV at the 350th cycle), suggesting that
the SEI on the Li surface in FFS electrolyte is very thin and
stable against cycling. Furthermore, the long-term cycling
stability of Li|Li symmetric cells was also evaluated (Fig. 2d).
The overpotential of the Li|/Li cell in FFS electrolyte remains at
a very low and stable value for 1100 h while in SE electrolyte the
overpotential is much higher (Fig. 2e) initially and it fluctuates
considerably after 800 h (Fig. 2d and f). The Li plating/stripping
in FFS electrolyte remained stable with high efficiency even at
higher areal capacities of 1 and 1.25 mA h cm ™2 (Fig. S5, ESIY).

This journal is © The Royal Society of Chemistry 2020
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These results demonstrate that the high reversibility of LMA in
FFS electrolyte could be attributed to the robust and stable SEI
layers that could suppress LMA porosity and dendrite growths
and minimize reactions between Li and the electrolyte.

For SE, a considerable amount of tangled needle-like whiskers
with large aspect ratios are observed on the surface of cycled
LMAs (Fig. S6a, ESIt). Such high-surface area LMA with harmful
parasitic reactions lead to a low CE and serious safety concerns.
After switching to LFF electrolyte, the morphology of Li deposits
changes to whiskers with smaller aspect ratio (Fig. 3a). Notably,
unlike the above SE and LFF electrolytes, the Li metal deposits in
FFS electrolyte are larger, more uniform and compact particles
with 5-15 pm diameters, without sharp features (Fig. 3b). Such a
morphology would significantly reduce not only short-circuit
related safety problems but also the growth in porosity and
reactive surface area, giving rise to a much higher CE. X-ray
photoelectron spectroscopy (XPS) analysis was further conducted

Energy Environ. Sci, 2020, 13, 212-220 | 215
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Fig. 3 Morphology, surface chemistry and stability analysis of the cycled LMA and SEl layers in different electrolytes. SEM figures of the cycled LMA on
Cu substrates in LFF (a) and FFS (b) electrolytes (10 cycles, 0.5 mA cm™2, 0.5 mA h cm™2) with high resolution SEM images inset. XPS analysis of the SEI
components, F 1s (c) and S 2p (d) spectra are presented. The dotted lines in S 2p spectra only point out the S 2ps,» doublets. () The evolution of impedance
spectra of the Li||Li symmetric cell with resting time in FFS electrolyte; (f) fitted R, of the Li|Li cells at different resting time in FFS, LFF and SE electrolytes.

to study the SEI components formed on the LMA in different
liquid electrolytes. The comparison of F 1s spectra in Fig. 3c
clearly reveals that the SEI in FFS electrolyte features a much
higher LiF content than that in LFF electrolyte, which is consis-
tent with the discussion about the reaction pathways in Fig. 1.
Considering the salt concentration is the same in both solvents,
this again confirms that FSA has a much higher propensity to
donate F to the Li surface, which agrees with our calculations in
Fig. 1. The amounts of carbon and oxygen species (C-H, C-C,
C-O and C-03) are lower in the FFS-derived SEI (Fig. S7, ESIY).
Moreover, another pronounced difference in surface chemistry is
the obvious presence of lower-valence sulfur species®” (S7/S>7) in
the FFS-derived SEI layer (Fig. 3d), which could improve the Li*
conductivity of SEI layers;*® no such species exist in the SEI with
LFF and SE (Fig. Séb, ESIt) electrolytes. Compared to oxygen
species, the larger ionic radius and greater atomic polarizability
of the sulfide ions lead to weaker covalent bonds with Li*,
facilitating cation mobility and thus higher Li" conductivities in
sulfide-based solid electrolytes*>*® than in oxide-based solid
electrolytes. Previous works showed that the reduction of the
FSI anion to S™/S*~ components was only observed when a very
high LiFSI concentration (10 M) in DMC?? was reached, but here
only 2.5 m LiFSI (intermediate concentration of salt) was used.
Therefore, we propose that such S7/S*~ components could be
derived from the reduction of the FSA solvent component of our
FFS electrolyte rather than from the LiFSI.

216 | Energy Environ. Sci, 2020, 13, 212-220

To evaluate the stability of SEI layers formed in these
different electrolytes, we performed electrochemical impedance
spectroscopy’" (EIS) on Li|Li symmetric cells as a function of
storage time (Fig. 3e, f and Fig. S8, ESIf). The Nyquist plots
were fitted to an equivalent circuit composed of an electro-
Iyte ohmic resistance (R,) with resistances//constant phase
elements (R//CPE) and a Warburg element (W). The semi-
ellipses from high to medium frequency could be mainly
attributed to the resistance (R,) of SEI layer while the second
semi-ellipses at medium frequency range are often resulting
from the charge transfer resistance (R.). It is noted that in
FFS electrolyte the R, on fresh Li metal is one order magni-
tude lower than those in the other two electrolytes (Fig. 3f),
suggesting a highly ionic conductive nature of the FFS-derived
SEI in accordance with the surface chemistry analysis. Ry
slightly increases in FFS electrolyte after 108 h storage while
that in SE electrolyte increases much faster, further demon-
strating that FFS electrolyte enables the formation of stable SEI
layer. After resting for 108 h, large voltage slopes at initial cycles
were observed when cycling the Li||Li cells in LFF and SE
electrolytes due to large resistances that must be overcome.
In contrast, there is almost no voltage slope in FFS electrolyte
(Fig. S9, ESIY).

An electrolyte for LMBs with Ni-rich NMC must exhibit good
anodic stability, requiring both high oxidative resistance to
>4.3 V and no Al current collector corrosion. The anodic

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Electrochemical performances of the Li||[NMC622 cells in FFS, LFF and SE electrolytes. (a) Rate performance of the Li||[NMC 622 cells using FFS,
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using FFS (c) and SE (d) electrolytes at the 1st, 2nd, 50th, 100th and 150th cycle and cycling performance (e). The N/P ratio is ~7.6.

stability of FSA with different salt concentration was evaluated
by LSV with Li metal and Al foils as the counter and working
electrodes, respectively (Fig. S10, ESIT). The Al oxidation corrosion
is effectively suppressed by increasing the LiFSI concentration
from 1 m to 2.5 m, which agrees well with the classic inter-
pretation."® In order to gain a better anodic stability, 0.2 m LiPFg
was also added due to its excellent ability to prevent Al corrosion.>
Thereupon, the oxidation onset is further pushed beyond 4.5 V,
exhibiting a good stability within the operating electrochemical
window of NMC622 (3-4.3 V). The rate performances of
Li||[NMC622 cells in FFS, LFF and SE electrolytes (Fig. 4a) show
that the FFS electrolyte outperforms the commercial SE electrolyte,
especially at higher rates. The cell using FFS electrolyte exhibits
smaller polarization (Fig. 4b and Fig. S11, ESIt) with higher
reversible capacities of 166.7 mA h g~* (C/2) and 156.9 mA h g™*
(1C) compared to 160.6 mA h g ! (C/2) and 147.7 mA h ¢"* (1C)
using SE electrolyte. Compared to FFS electrolyte, the cell using LFF
electrolyte exhibits similar rate performance at C/4 and C/2, but
lower capacity (154 mA h g™ ') at 1C (Fig. 4a and Fig. S11, ESI¥).

This journal is © The Royal Society of Chemistry 2020

To demonstrate the effect of Li reversibility on the cycling of
LMBs, a thin Li foil (60 pm) was used. The cell using SE
electrolyte shows higher polarization and faster capacity decay
compared to the one using FFS electrolyte, indicated by the
charge—discharge voltage profiles in Fig. 4c and d. Moreover,
drastic differences in cycling stability were observed between
these two electrolytes (Fig. 4e). The cell using FFS electrolyte
exhibits a quite high capacity retention of 89% after 200 cycles
while the capacity and CE of the cell using SE electrolyte drops
sharply at ~80 cycles, which matches well with an obvious
increase in the resistance originating from LMA (Fig. S12, ESIT).
Such sharp drop is due to the rapid exhaustion of cyclable Li
inventory when using a poor Li-compatible SE electrolyte.
Compared to FFS electrolyte, LFF electrolyte exhibits slightly
lower cycling retention of 86% after 200 cycles. Furthermore,
we also evaluated the performance of “anode-free” full cells
(Cu|NMC622) using different electrolytes (Fig. S13, ESIt).
While the capacity of the cell with SE electrolyte quickly drops
to nearly zero after 27 cycles, LFF electrolyte shows a better
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capacity retention of 22.7% after 45 cycles. In contrast, the cell
with FFS electrolyte retains 50.8% of its original capacity after
45 cycles indicating its good compatibility with both the LMA
and NMC622. The well-maintained morphology of NMC622
particles also demonstrates the good compatibility of FFS
electrolyte with NMC622 cathode (Fig. S14, ESIt). Furthermore,
a LiF-rich cathode electrolyte interface (CEI) is also observed
after cycling in FFS and LFF electrolytes (Fig. S15, ESIT), derived
from the oxidation of the FSA molecules or salt anion leading to
formation of a good passivation layer on the cathode surface
and eliminating parasitic reactions between the electrolyte and
cathode.'"***%*37 Furthermore, FFS electrolyte also exhibits
good compatibility with some other high-voltage cathode
materials like LiMn,0,°* (Fig. $16, ESI{).

Conclusions

A new electrolyte design strategy inspired by transplanting
the useful features of the FSI anion to neutral organic solvent
molecule leads to the discovery of a “full fluorosulfonyl”
electrolyte (FFS) based on the commercially available FSA
molecule. The FSA-based FFS electrolyte shows excellent Li
compatibility and does not need high salt concentration to
achieve highly reversible Li plating/stripping, which avoids the
high viscosity, poor wettability and high cost issues. The FFS
electrolyte enables a highly reversible LMA with an excellent
initial CE ~ 91%, which rapidly approaches 99% within only
10 cycles. The (CE) over 400 cycles outperforms the well-known
LMA-compatible FEC-based electrolyte and is the highest (CE)
ever reported for non-ether-based electrolytes. Furthermore, the
FFS electrolyte satisfies the high anodic stability requirement
for LMBs with Ni-rich NMC and spinel LiMn,0,. Benefitting
from its excellent compatibility with both the anode and
cathode and the current collector, the Li|NMC622 cell retains
89% of its original capacity after 200 cycles using a limited
Li resource. This electrolyte design strategy opens a new avenue
for exploring new intermediate-concentration organic electro-
lytes for 4 V class LMBs.

Experimental procedures

Materials

LiNiy sMn, ,C0,,0, (NMC622) cathodes were provided by Argonne
National Laboratory with areal loading of ~1.6 mA h cm 2
LiMn,0, powder and conductive carbon (Super C65) were
purchased from MTI Co. LiFSI salt was supplied by KISCO
Co. Ltd which was vacuum dried at 80 °C overnight prior to use.
The FSA and FEC solvents were purchased from Sigma Aldrich
and Alfa Aesar, respectively. All the solvents were treated
by molecular sieves for 3 days before use. The commercial
standard electrolyte 1 M LiPF¢ in 1:1:1 EC/DMC/DEC by
weight ratio was purchased from BASF Corporation. All solvents
and salts were stored and handled in a glove box filled with ultra-
high purity Argon with O, and H,O level <1 ppm. The electrolytes
were prepared by molality (“m”, mol-salt in kg-solvent, mol kg ).
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“M” denotes molarity (mol-salt in L-solution, mol L™"). The
60 um-thick Li on Cu foil (12.2 mA h em™?, Fig. $17, ESI{) was
supplied by China Energy Lithium Co. Ltd. Please find an over-
view of all abbreviations in Supplementary List, ESL.}

Characterization

The morphology and microstructure were investigated by
Zeiss Merlin High-resolution SEM. Phase composition of the
NMC622 cathodes before and after cycling was studied by
Rigaku Smartlab XRD. Surface chemistry was analyzed by
Physical Electronics Versaprobe II X-ray Photoelectron Spectro-
meter (XPS). For the characterization of samples after cycling,
CR2032 coin cells were disassembled in the glove box. Cathodes
and anodes were isolated, then washed by dimethyl ether (DME)
three times and dried under vacuum for at least two hours before
testing. Specially-designed transfer vessel was used to transfer the
samples into XPS chamber to avoid the contact with air. The
temperature dependencies of viscosity and density were measured
using a SVM3001 viscometer (Anton Paar). Pulse-field gradient
(PFG) sequence was applied to the FFS electrolyte using a Bruker
Avance 500 MHz NMR spectrometer to evaluate the Li* diffusion
coefficient. The NMR peak intensity of "Li (0 ppm, corresponding
to Li'") as functions of the increasing gradient were analyzed using
the following equations:

I =1, exp[—(yGd)*D(4 - 6/3)] (1)

G = Gmax'g (2)

where I is the observed peak intensity, I, is the peak intensity
without gradient, y is the gyromagnetic ratio of the nuclei,
G is the applied gradient strength, Gpax is the maximum
gradient generated by the instrument (0.5026 T m™"), g is the
percentage of the maximum gradient applied to the sample,
D is the diffusion coefficient, J is the gradient length (0.002 s),
and 4 is the diffusion delay (1 s).

Electrochemical measurements

LSV was conducted using Gamry electrochemical work station
to measure the anodic stability window at a scan rate of
15 mV s~ using two-electrode configuration (CR 2032 coin
cells) with Al foil and Li strip as the working and counter
electrodes, respectively. The electrochemical reduction stability
of electrolytes was evaluated by LSV at a scan rate of 0.2 mV s
using Li||Cu two-electrode configuration. EIS measurements
were performed on Li|Li symmetric and Li||NMC622 cells. CR
2032 coin cells (MTI Co.) were assembled and cycled galvano-
statically on a Landt CT 2001A battery cycler at room tempera-
ture. Li stripping/plating CE was measured based on Li|Cu
cells where a given amount of Li was plated on the Cu foil
substrate (MTI Co.) and then stripped until the potential
reached 1 V wvs. Li/Li". Li||Li symmetric cells were also
assembled to perform Li stripping/plating between two Li foils.
A slurry of 84 wt% LiMn,O, with 8 wt% Super C65 and 8 wt%
PVDF was coated on Al foil (MTI Co.) followed by drying and
rolling. Li|NMC622 and Li| LiMn,O, cells were assembled with
60 pm-thick Li on Cu foil (China Energy Lithium Co., Ltd).

This journal is © The Royal Society of Chemistry 2020
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Celgard 2300 separator was used except for the LFF electrolyte
where glass fiber separator was used due to its poor wettability.
To standardize the experiments, 40 UL electrolyte was added to
each coin cell. For anode free (Cu||NMC622) cells, 4 mA h cm >
Li was pre-deposited on Cu foil and then fully stripped to
remove possible oxidation layers. The anode free cells were
cycled at C/10 charge and C/3 discharge rate.

First-principles simulations

Density functional theory (DFT) calculations were used to study
the reactivity of F in FEC and FSA. A slab of 4 Li layers (the
bottom 1 layer frozen during optimization) was constructed to
model the BCC Li (001) surface based on a 4 x 4 x 4 supercell.
In all cases, a vacuum region of 15 A in the direction perpendi-
cular to the Li surface was kept. The Perdew-Burke-Ernzerhof>*
exchange-correlational functional and the projector augmented
wave method> as implemented in the Vienna Ab Inito Simula-
tion Package® was used in our calculations. The DFT-D3 was
employed to include the van der Waals interactions.>” A plane
wave basis set with an energy cutoff of 520 eV was used to
expand the electronic wavefunctions. Due to the large amount
of atoms involved in our model, the Brillouin zone integration
was performed on a1 x 1 x 1 Monkhorst-Pack k-point mesh.”®
Atomic coordinates were relaxed until the total energy change
was smaller than 1 x 10~ * V. When calculating energy levels of
FSA and FEC, including the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO),
B3LYP*® and HSE® level of theories are utilized. We use
binding energy (E,) to measure the adsorbing ability. E, is
defined as the difference between the total energy of the
molecule-adsorbed system (Ei) and the energy sum of iso-
lated solvent molecule (FEC or FSA) and a clean Li substrate:
Eb = Emolecule T Esubstrate — Etotal, Where a larger value indicates
greater adsorbing strength.’ Differential charge density (Ap) is
adopted to describe the charge transfer and bond formation
during in the adsorption process. Ap is defined by subtracting
the charge density of the molecule-adsorbed system (piotal)
by the charge density of isolated molecule and Li substrate:
Ap = Protal = PLi ~

Psubstrate+
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