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Future rechargeable Li metal batteries (LMBs) require a rational electrolyte design to stabilize the

interfaces between the electrolyte and both the lithium metal anode and the high voltage cathode. This

remains the greatest challenge in achieving high cycling performance in LMBs. We report an ether-aided

ionic liquid electrolyte which offers superior Li metal deposition, high voltage (5 V) stability and non-

flammability. High performance cycling of LiNi0.8Mn0.1Co0.1O2 (4.4 V) and LiNi0.6Mn0.2Co0.2O2 (4.3 V)

cells is demonstrated with high coulombic efficiency (499.5%) at room temperature and elevated

temperatures, even at high practical areal capacity for the latter of 3.8 mA h cm�2 and with a capacity

retention of 91% after 100 cycles. The ether-ionic liquid chemistry enables desirable plated Li

microstructures with high packing density, minimal ‘dead’ or inactive lithium formation and dendrite-free

long-term cycling. Along with XPS studies of cycled electrode surfaces, we use molecular dynamics

simulations to demonstrate that changes to the electrolyte interfacial chemistry upon addition of DME

plays a decisive role in the formation of a compact stable SEI.

Broader context
There is currently significant interest in extending the operating voltage (44.3 V) of Li-battery technology to improve its energy density so as to increase driving
range for electric vehicles and other energy intensive applications (e.g., electric aircraft, consumer electronics). Existing commercial batteries rely on electrolytes
based on LiPF6 salt in carbonate-based solvents and various additives to improve performance. Such electrolytes increase the fire hazards and show poor
performance against high voltage cathodes (44.3 V). In the past, ionic liquids have been considered as a potential alternative for carbonate electrolytes, in
particular for Li metal batteries (LMBs), but their high viscosity and lower conductivity have thus far hindered their application in room temperature cycling of
Li batteries. Here we report an ionic liquid/organic hybrid electrolyte which lowers the viscosity and enables LMBs operating at 44.3 V at room temperature,
and 50 1C under high current density, with 499.5% coulombic efficiency. Furthermore, we unequivocally show that this electrolyte provides highly efficient Li
metal cycling with a minimum of inactive lithium produced during cycling. The manuscript draws attention to the possibility of using such ionic liquid/organic
hybrid electrolytes to achieve practical LMBs that deliver outstanding performance and stability.

Introduction

Higher energy density lithium metal batteries (LMBs) require
stable, dendrite-free and high efficiency Li metal cycling.1

However, the �3.04 V (vs. SHE) reductive electrode potential
for Li makes it highly reactive resulting in a thermodynamic
instability for current organic electrolytes.2,3 This issue must be
addressed if LMBs are to become a high volume commercial
reality. Surface engineering of the Li anode, alloying of Li with
another metal to reduce the reactivity, and creation of an
artificial passivation layer have been suggested as possible
solutions.4–7 A more feasible cost- and energy- efficient method
to stabilise Li metal cycling, however, is through the design of
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an electrolyte formulation which is itself intrinsically
more stable, as well as offering a chemistry that can tailor a
homogenous, conductive solid electrolyte interphase (SEI).
In this way the designed high safety electrolyte may protect
the lithium metal through an in situ formation of a protective
barrier, whilst at the same time offering a wide stability window
that makes it compatible with a high voltage cathode.

Traditional carbonate electrolytes have been optimised for gra-
phite based lithium-ion batteries (LIBs),4 however the SEI formed
on Li metal is non-protective which leads an ongoing consumption
of electrolyte during cycling and ultimately cell failure.2 Organic
ethers have been considered as replacement solvents in LMBs;
however, their poor oxidative stability (o 4 V) and flammability
limits their use in battery applications. Such electrolytes are also not
reliable for high voltage Ni-rich cathode chemistries.8–10 Despite
their low intrinsic stability, ethers and carbonates have been
explored in high voltage Li devices by exploiting high salt concen-
trated electrolytes (HCEs)11–14 and highly fluorinated co-solvent
electrolytes.10,15 These systems still suffer from mass transport
limitations and high internal impedances in addition to the
intrinsic high flammability of the organic solvent.10,11,15

Ionic liquids solvents, composed entirely of ionic species,
can offer higher chemical and electrochemical stability as well
as a negligible vapour pressure and ultra-high thermal stability
(4250 1C).16 The interfacial structuring of IL-based electrolytes
at a charged electrode allows the participation of both the
cation and anion in forming a protective SEI layer at the
interface,17 and potentially this interfacial chemistry could be tuned
to control the SEI.17,18 In our previous work, we demonstrated that
the addition of an ether solvent, 1,2 dimethoxyethane (DME), to
a high Li salt concentration electrolyte based on N-methyl, N-
propylpyrrolidinium bis(fluorosulfonyl)imide (C3mpyrFSI), offered
enhanced ion-dynamics through a change in the coordination
environment of the lithium solvation shell. We found that
20 wt% DME in the IL electrolyte gave the best improvement in
ionic conductivity, lithium diffusivity and lithium plating/stripping
kinetics, resulting in a stable high-rate cycling for a Li metal/LFP
(3.5 V class) battery.19,20 In this new work, we demonstrate this
promising electrolyte system in the long-term cycling of next
generation high energy density, high voltage Nickel-Manganese-
Cobalt oxide based cathodes (NMC811, 4.4 V class and NMC622,
4.3 V class), to utilise its high electrochemical stability. Cryogenic
Focused Ion Beam SEM (Cryo-FIB/SEM) images and quantification
of inactive Li and SEI formation determined by titration gas
chromatography (TGC) method21 show that DME addition reduces
capacity loss from inactive Li formation by more than half. Finally,
the interfacial chemistry at the Li electrode was studied by
molecular dynamics (MD) simulation and correlated with XPS results
to explain the exceptional performance of the LMB in this work.

Results and discussion
High voltage stability and NMC|Li cycling at a practical level

Both the 100IL electrolyte (3.2 mol kg�1 LiFSI in C3mpyrFSI IL)
and ether-aided IL, 80IL20DME electrolyte (3.2 mol kg�1 LiFSI

in C3mpyrFSI:DME 80 : 20 wt : wt) have excellent oxidative
stability, as seen in Fig. 1a, reflecting their applicability in high
voltage battery electrochemistry. The 100IL has an oxidative
stability of up to 5.8 V vs. Li on a glassy carbon electrode. Although
DME itself has a low stability (o4 V vs. Li), the ether-aided hybrid
IL system, 80IL20DME, still maintains an excellent oxidative
stability up to 5.1 V vs. Li (Fig. 1a). Our previous MD simulations
showed that all DME molecules in 80IL20DME electrolyte are
coordinated with Li, leaving no ‘free’ uncoordinated DME, which
can account for the high oxidative stability of this hybrid
electrolyte.19 Despite the ether component being highly
flammable, the hybrid 80IL20DME (Fig. S1a iii and iv, ESI†) is
non-flammable, just as the neat IL (Fig. S1a i and ii, ESI†) which is
one of the key factors towards its application to achieve safe high
voltage batteries.

NMC cathodes are categorised under ‘solid-solution’ cathodes
and considered as one of the most aggressive cathodes amongst
the high voltage redox chemistries. For example, cycling of an
NMC811|Li cell with commercial 1 M LiPF6 in EC/DMC electrolyte
shows poor capacity retention (o20%) after 200 cycles.10 In
contrast, our proposed ether-modified IL, 80IL20DME electrolyte
exhibits an excellent long-term stability of NMC811|Li cell at room
temperature with an average coulombic efficiency B99.8% and
capacity retention of 81% after 300 cycles, as shown in Fig. 1b.
Even at elevated temperature (B50 1C) we obtained excellent
capacity retention and stable cycling over 500 cycles, as shown
in Fig. S2 (ESI†). A comparable result was recently reported by Cao
et al., and a similar B80% capacity retention at room temperature
after 300 cycles has been achieved for the NMC811 system when a
fluorinated orthoformate based electrolyte (TFEO) was used to
stabilise the lithium metal.22

Further, to increase the cell level energy density, a higher
cathode loading of NMC622 (active material B22.4 mg cm�2)
vs. Li cell with applied current density of 0.875 mA cm�2 was
also demonstrated in Fig. 1c (the voltage profile is shown in
Fig. S4a, ESI†). This gives as high as 3.8 mA h cm�2 areal
capacity for over 100 cycles with an average coulombic efficiency
of B99.23% when a thin lithium source (100 mm) and limited
electrolyte amount (40 mL) was used. Such high loading cathode
was successfully cycled for 170 cycles before cell failure (Fig. S4b,
ESI†). Additionally, longer term cycling of NMC622|Li (an areal
capacity B1 mA h cm�2) is also presented in Fig. S3, (ESI†)
which shows outstanding cycling over 200 cycles with an average
coulombic efficiency of 99.5% and an excellent capacity reten-
tion of B97% at room temperature (the high temperature 50 1C
performance is also shown in Fig. S3, ESI†). Previously, Jiao et al.
demonstrated the similar cycling uing a dual salt (2 M LiTFSI+
2 M LiDFOB in DME) in ether solvent, DME at room temperature
where they achieved 90.5% capacity retention after 300 cycles
with an average coulombic efficiency of 94.6%.13

A recent perspective article23 suggests the key factors influ-
encing the cycling ability of high energy lithium batteries are
the cathode loading, electrolyte amount and the thickness of
the Li foil. These parameters all have a critical impact on the
cycle life of LMB cells with performance being challenged when
using realistic, commercially viable loadings of these materials.
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Fig. 1 Electrochemical properties and cycling performances of electrolytes. (a) Electrochemical stability window of 100IL and 80IL20DME electrolytes;
Room temperature cycling performances of 80IL20DME electrolyte in (b) NMC811|Li cell (B6.4 mg cm�2 cathode mass loading, 1C = 1 mA cm�2) within
the potential range between 2.8 V and 4.4 V at C/2 rate (0.5 mA cm�2) current density after two formation cycles at C/10 rate (0.1 mA cm�2) current
density, using a thin Li foil (50 mm), (c) NMC622|Li (22.4 mg cm�2 cathode mass loading, 1C = 3.5 mA cm�2) cell within the potential range between 2.8 V
and 4.3 V at C/4 rate (current density of 0.875 mA cm�2) after two formation cycles at C/10 rate (0.35 mA cm�2) current density using a thin Li foil
(100 mm), (d) anode-free cell cycling of NMC622 (22 mg cm�2 cathode mass loading) vs. Cu within the potential window between 3 V and 4.3 V at a
current density of C/7 rate (0.5 mA cm�2) for both plating and stripping steps.
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As described above, the proposed ether-IL electrolyte shows
excellent performance when utilising such high areal loadings,
when compared to the state-of-the-art electrolytes.23 Rate
capability testing was also performed using a variety of
charge–discharge current density protocols, i.e. varying the
discharge current density (Fig. S5a, ESI†) and the charge
current density (Fig. S5b, ESI†), respectively indicating good
capacity retention even at 1C.

Owing to its impressive stability, a zero-excess Li metal cell
against NMC622, or so called ‘‘anode-free’’ NMC|Cu cell
(NMC622 mass loading B22.4 mg cm�2), was also assembled
and cycled (Fig. 1d). This represents the highest loadings for
such an anode -free configuration for a liquid electrolyte system
reported thus far. Fig. 1d shows this cell is capable of a 68%
capacity retention after 50 cycles at room temperature in a non
optimised cell (the voltage profile is shown in Fig. S6a, ESI†).
Previously, Dahn and co-workers reported the highest capacity
retention (B80%) after 90 cycles with NMC|Cu cell cycled in a
pouch cell configuration where they have used a dual salt
electrolyte (LiDFOB + LiBF4 in FEC/DMC) at 40 1C with optimised
cell pressure (NMC622 mass loading 16 mg cm�2).24 Recent
literature suggests a more unified way to compare performance
from different experiments and different electrolyte systems.
They suggested reporting the lithium inventory retention rate
(LIRR) of the anode-free cells and compared this across all
reported systems within the period of 2016–2020.25 Under this
analysis, the ether-IL electrolyte used here achieved a LIRR of
99.2% which lies among the highest values reported thus far for
the liquid electrolyte systems (Table S1, ESI†), alongside that
reported by Dahn and co-workers.24,26 Further, the stack energy
density has been calculated where the stack is considered to
consist of double side coated high loading NMC cathode (and Al
current collector), two layers of separator, and the Li metal
anode. The mass of electrolyte was not included in the calculation
to allow the comparison with literature reports.27,40 The stack
specific energy was determined to be 480 W h kg�1 and the energy
density was 798 W h L�1. The cell parameters are tabulated in
Table S2 (ESI†). The energy density of NMC|Cu ‘‘anode free’’ cell
in the discharged state was also calculated using the same
parameters, while considering Cu as the anode current collector
(8 mm thickness cf. 100 mm for the Li cell) in the stack. The specific
energy of the anode free cell is 488 W h kg�1 and energy density is
1132 W h L�1.

Efficient Li plating and stripping with a minimal amount of
‘electrochemically inactive’ Li formation during cycling is
required to achieve high-capacity retention in an anode-free
cell. The quantification and characterisation of Li metal cycling
efficiency on Cu in different electrolyte systems is usually
undertaken using a Li–Cu half-cell. Thus, in the following
section, we have electrochemically measured the unreacted
‘dead’ or inactive Li at the Cu-interface in our ether-modified
IL electrolyte.

Electrochemically inactive lithium measurement in Li-Cu cell

Conventionally, the irreversible capacity loss in a high energy
density Li metal battery is assigned to the formation of ‘dead’ or

inactive lithium which can be due to the formation of Li+

compounds in the SEI and/or so-called inactive lithium
formation which becomes electronically isolated by the SEI
components during cycling.28 The quantification of these two
processes i.e. ‘dead’ or inactive lithium (Li0inactive) and Li+

compound consumption in the SEI (Li+SEI), has been very
difficult until Fang et al. recently showed a new method which
can detect their individual influences and quantify them.21

In their work, the first cycle coulombic efficiency loss in a
Li-Cu cell was measured. The remaining residue at the Cu
electrode surface after the stripping process (which should be
residue from the combination of both Li+SEI and Li0inactive) was
differentiated by their chemical reactivity towards water and
the released H2 gas was correlated to Li0inactive by a simple
titration technique using gas chromatography.21 In the current
work, the first cycle coulombic efficiency loss is 15% and 8% for
the neat IL (100IL) and the ether-aided IL electrolyte
(80IL20DME), respectively (Fig. 2a). Following the quantification
method developed by Fang et al., 11% of the loss in the 100IL
electrolyte was identified to be due to the SEI formation and
nearly 89% was attributed to the formation of Li0inactive (Fig. 2b).
Given that there is a higher chance to accumulate the inactive
lithium in consecutives cycles, this neat IL electrolyte would lead
to faster cell decay and likely cell failure due to short circuit.28

Whereas for the ether-modified IL, the capacity losses due to the
formation of SEI and inactive lithium were 43% and 57%,
respectively. Furthermore Fig. 2c shows that there is relatively
more SEI formation and less inactive lithium contribution in the
presence of 80IL20DME. This suggests that the ether-aided IL is
capable of forming a comparatively more uniform, and poten-
tially slightly thicker, protective SEI compared with the neat IL.
Worth to mention here that the increased consumption of Li due
to SEI formation can be correlated to the speciation at the Li
interface which is discussed later while revealing the SEI chem-
istry (Fig. 3).

Cryo-FIB/SEM was performed to interrogate the microstructure
of lithium electrochemically plated onto a Cu substrate at a
current density of 1 mA cm�2 for 1 hour. Different morphologies
are observed for the two electrolytes where the neat IL appears to
form thinner rod- or whisker-like lithium deposits and the ether
IL shows relatively larger grains or column-like lithium deposits
on the Cu substrate, as seen both from the cross-section and top
view (Fig. 2d–g). The denser deposition of Li using the hybrid
electrolyte suggests homogeneous plating/stripping process.
This was further validated by the long term Li plating/stripping
coulombic efficiency measurement (Fig. S6c and d, ESI†) which
resulted an average coulombic efficiency of B98.87%. Recent
literature suggests that high coulombic efficiency is correlated
with the dense Li deposition with low porosity.29 The deposit
morphology is a crucial factor to maintain the electronic connec-
tion in the deposits as literature suggests the thinner whisker-like
deposits are more likely to become disconnected and electro-
nically isolated during repeated cycling due to their higher aspect
ratio, leading to inactive lithium formation (Li0inactive).12,21 This
is indeed consistent with the inactive lithium quantification
presented above. We correlate these results with full cell cycling,
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shown in Fig. S7, (ESI†) where these two electrolytes were sub-
jected to cycling at high current rate in a NMC622|Li battery.
Under identical conditions, the cell based on the 100IL electrolyte

had a rapid capacity fade after only 40 cycles, whereas the ether-
aided IL showed very stable cycling behaviour with 99.8% cou-
lombic efficiency over the measurement duration. This supports

Fig. 2 Quantitative analysis of Li0inactive and Li+SEI (a) Li metal plating-stripping profile on a Cu working electrode cycled in 100IL and 80IL20DME
electrolyte at a current density of 0.5 mA cm�2, capacity 4 mA h cm�2, the coulombic efficiency (CE) is mentioned respectively (b) Analysis of SEI% and
inactive Li% by TGC quantification method. Three cells were tested to obtain better statistics, the error bar is also represented, (c) the SEI contribution and
inactive lithium contribution in terms of coulombic efficiency loss, (d–g) top view and cross-section of Li surface of 100IL and 80IL20DME respectively
after plating a total capacity of 1 mA h cm�2 for 1 hour, obtained by Cryo-FIB/SEM.
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